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Introduction

Short presentations based on this collection of papers formed the basis of a
workshop held at the Hotel Golf Mar, Vimeiro, Portugal on September 4 and 5,
1984. This workshop was initiated by Dr G Mayer of the US Army Research
Office, Research Triangle Park, North Carolina 27709. Having identified an
interest 1in the NDE of polymers, Dr Mayer convened a meeting at The Johns
Hopking University between himself, Professor R E Green Jr of the department
of Materials Science and Engineering at Johns Hopkins, Dr R K Eby of the
Polymers Division, National Bureau of Standards, and myself. We decided that
the time was ripe for a workshop on the subject of real-time on-line methods

for the nondestructive evaluation of components fabricated from polymeric

materials.

In components fabricated from polymers, including polymers in the rubbery

state and polymers reinforced with fibres, there exists the possibility of
microstructural defects which have their origins in processing. These defects
include inhomogeneous mixing, inclusion of foreign bodies, segregation,
incomplete cure, inhomogeneous cure, wmolecular orientation, macroscopic
anisotropy and residual stress. In addition to considering "states of the
art" as practised in Europe, it was decided to address the feasibility of new
exploitation of physical techniques to secure, for use as processing tools,

the real-time detection of such defects.

This volume 1is a more complete statement of some of the European efforts

towards achieving polymer NDE than was possible in a 2-day workshop. It does,

v T W AT LI TN A N L UL SN
. .t R S R T N I Vol Vo S Aot S
g L TR ST SR, WP LU, W W W Ve Wy [ o

......




MO LI ATIM T v e oW

course of the workshop.

The workshop was supported by Grant No DAJA~45-84-M~0182 from the US Army
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DISLOCATIONS IN WAVE TRAINS, WITH SPECIAL
REFERENCE TO THE INFORMATION THEY CARRY ABOUT
MICROSTRUCTURE

F. J. Wright

Institut fiir Informationsverarbeitung, Universit&dt Tiibingen,
KéstlinstraBe 6, D-7400 Tiibingen 1, West Germany

ABSTRACT

Wavefront dislocations are edges of wavefronts, which may
be modeled by phase singularities, and hence zeros, of a com-
plex wavefunction. In a pulsed field they typically move along
trajectories closely related to the continuous-wave amplitude
minima at the carrier frequency. In the presence of noise,
dislocations may be localized to an accuracy proportional to
the S/N ratio. Dislocation trajectories and motion, and their
dependence on pulse shape, are investigated for 1- and 2-
point-scatterer models of microstructural defects, both within
and without an incident plane beam.

1. Introduction to wavefront dislocations

The concept of wavefront dislocations was introduced into wave theory
ten years ago by Nye & Berry (1974), in order to explain their observations
of ultrasonic pulses reflected from a rough surface in an experiment
designed to model radio echo sounding. In a review that sets wavefront
dislocations in the general context of wavefield singularities, Berry
(1981) summarized the observations as follows. '"The incident wave was a
quasi-monochromatic pulse and the reflected wave, received at a point and
displayed on an oscilloscope as sound pressure vs. time, was an extended
train of disorderly oscillations. On moving the receiver to explore the
wave at different places, it was quite common to observe two wavecrests
move apart and an extra crest appear between them, or the time-reversed L
sequence of events,” Figure 1 shows two examples: as O increases two new el
wavecrests appear at t=0 -— one at 0~23° and another at ©~45°., The D
wavecrests appear antisymmetrically in figure 1(a) and symmetrically in EARY
figure 1(b) -- in general they will appear asymmetrically.

1f a wavecrest/trough pair is equated to a wavefront, then the appear- _.1;
ance of a new wavecrest corresponds to crossing the edge of a wavefront. RRGRCR
Nye & Berry named these edges 'wavefront dislocations' by analogy with the S

The preparation of this paper was supported by the - Ji
Stiftung Volkswagenwerk, FRG. R
Permanent address (from September 1984): School of R
Mathematical Sciences, Queen Mary College, University

of London, Mile End Road, London E1 4NS, UK
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Figure 1. Farfield pulse wavefunction for a circular piston radiator:
(a) real part; (b) imaginary part. From Wright & Berry (1984).

edges of atomic planes in imperfect crystals, They are most interesting in
wavefields that are generated from a gentle modulation of a continuous wave
(cw), i.e. are quasi-monochromatic, because then the dislocations typically
move, It 1is possible to analyse wavefront dislocations directly in terms
of crests and troughs of a real wavefunction (Wright 1979), but because
wavefront dislocations are features of a quasi-monochromatic wavefield it
is possible, and more convenient, to use a complex representation. I shall
consider only scalar waves, which can be written in amplitude-phase form as

v (e,t) = o(r,e)eX(Est)

where p and X are real-scalar-valued functions that are uniquely determined
(modulo 27 for x) by ¥ unless Yy=0, in which case x is indeterminate, Wave-
fronts may be defined by the equation x(r,t) = constant modulo 2m, and end,
i.e. become undefined, where x is undefined. Hence wavefront dislocations
are defined by Rey(r,t) = Imy(r,t) = 0: two equations which therefore typi-
cally define time-dependent lines in 3D or points in 2D,

The simplest way that y(r,t) can pass through zero is linearly -- then
very close to the zero the equiphase lines (lines of constant x) look typi=~
cally as in figure 2(a). This makes it clear how a wavefront which
corresponds to one specific phase, say 0, can end in this model. It also

illustrates the sense in which a wavefront dislocation is a togological

singularity, characterized by a topological invariant called its disloca-

tion strength, This is (1/2n)é _dx, where C 1is any path encircling the

dislocation once, analogous to the Burgers' circuit around a crystal dislo-
cation; the strength of the dislocation shown in figure 2(a) is clearly +1
(if C 1is traversed in the conventional sense). The topological nature of
dislocations gives them a useful robustness: they can only interact so as
to conserve global dislocation strength, and they can only end on boun-
daries.

The main purpose of Nye & Berry (1974) was to demonstrate the close-
ness of the analogy between wavefront and crystal dislocations. By con-
structing simple local model solutions of the scalar wave equation, they
showed that wavefront dislocations can have multiple strength, be of edge
or screw type (in 3D), glide and climb, For example, Wright (1979) dis-
cussed the following local model of a straight strength-n mixed screw-edge
dislocation in an otherwise plane wave traveling along the z axis:
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(a) (b)

Figure 2. Local (a) and global (b) equiphase lines around a single-
strength dislocation in two dimensions. After Nye & Berry (1974).

v(x,y,z) = (x+Bsy+Be§)ne1kc, where [ = z-ct.

However, multiple-strength dislocations are unstable, and so will not typi-
cally be seen. Such a model shows that globally the equiphase lines in a
section through a simple dislocation must look like figure 2(b). Lines at
phase zero have been thickened to represent wavefronts; the phase saddle
(here at phase ) is essential to fit the structure of figure 2(a) into an

asymptotically-plane wave.

Nye (1981a) has put the characterization of wavefront dislocations on
a more rigorous basis and justified theoretical use of a complex wavefunc-—
tion. Dislocation effects in electromagnetic waves have been investigated
theoretically by Nye (1981b, 1983a,b), and dislocation statistics by Berry
(1978); both topics are potentially relevant to NDE of microstructure,

Dislocations have been investigated theoretically in a two-beam model
and around a cusped caustic by Wright & Nye (1982). The latter investiga-
tion was numerical, using a bandwidth-perturbation theory. The most realis-
tic model in which dislocations have been studied is in the soundfield of a
pulsed circular piston radiator, by Wright & Berry (1984). This study was
again mostly numerical, and figure 3 shows two of the nearfield plots. The
top line is the symmetry axis, R and Z are measured in units of the piston
radius, which is represented by the double line at the top of the left
side. Figure 3(a) is a typical phase plot; it shows an isolated disloca-
tion that was born on the axis, and a pair of dislocations that were born
just in front of the piston on a circle of approximately half the piston
radius, They are all born in the tail of the pulse. As the pulse pro-
pagates, the dislocations glide roughly along the ‘'valleys', or dark
fringes, of the continuous wavefield, as shown in figure 3(b). Initially
they fall further into the tail of the pulse, then they rapidly catch up to
appear at the centre of the pulse in the far field as shown in figure 1, at
angles very close but not equal to the far field cw nulls, The general
behaviour is typical of all the models studied, including those I will
introduce below, and has been verified experimentally by Humphrey (1980).

2. Detection of wavefront dislocations

1 have defined wavefront dislocations to be the time-dependent
amplitude-zeros of a pulsed wavefield. Therefore, the most obvious way to
detect them is to demodulate the received signal and look for zero cross-
ings of the resulting envelope. However, this is likely to be unreliable,
because fluctuations in the zero reference level will shift the
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Figure 3. Nearfield of a pulsed circular piston radiator, from Wright
& Berry (1984): (a) phase superimposed on amplitude .,, ; (b) disloca-
tion trajectories and times, and cw farfield null angles —._.. , su-
perimposed on cw amplitude ... .

dislocations, and could apparently destroy or create them (in pairs). The
failure of this method is because demodulating by definition destroys the
phase information, and wavefront dislocations are essentially phase struc-
tures. Appreciating this, Walford et al. (1977) built an Argand-plane

display for their phase-sensitive radio-echo sounder, in which the ima-.

ginary part of the received signal is reconstructed from the real part
alone con the assumption of a restricted bandwidth (see also Nye 1981a) and
plotted against it on an oscilloscope screen after removing the cw time
dependence. At a fixed point in space the display traces out some kind of
loop, parametrized by time, The rotation of this loop as the receiver is
moved in space is a very sensitive indicator of phase changes of the modu-
lation, and hence of dislocations.

Probably the biggest failure in the analogy between crystal and wave-
front dislocations is that whereas crystal dislocations correspond to
regions of high energy density, wavefront dislocations correspond to
regions of low energy density. In such regions a signal is swamped by
noise. The effect is to 'smear out' the dislocation so that it can only be
localized to within some region, and not to a point. In the neighbourhood
of a simple dislocation the wave amplitude varies linearly. Measuring all
amplitudes in terms of the (nominal) peak signal amplitude S gives a graph
like figure 4. Clearly, the linear size D of the region within which the
dislocation might 1lie ic proportional to (N/S), but the details depend on
the precise waveform. Performing a circuit at distance D from the true
dislocation, where the signal can be reliably measured, will give
$dx = +2m, confirming that the circuit contains unit dislocation strength,
but precisely what constitutes this is hidden in noise.
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Figure 4. Signal and noise near a simple dislocation.
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3. Wavetront dislocations created by point scatterers: 2 basic models

My aim in the rest of this paper 1s to give a pgeneral impression of
the behaviour of wavefront dislocations created by scattering from micros-
tructural defects (which might include crystal dislocations!) in an other-
wise homogeneous medium. Consistent with the general analogy between waves
and mechanics, in a region of a wavefield generated by 2 rays the disloca-
tions can be ecasily studied analytically; for 3 rays they can be studied
analytically in special cases, usually perturbatively; otherwise numerical
solution by computer is necessary. I shall restrict my attention to the
former two cases in two dimensions, which physically relates to line
scatterers. All the models I shall consider are related to the two-beam
model of Wright & Nye (1982), and I will build them up in order of increas-—
ing complexity.

Scattering from microstructure implies the far field, because the
scatterer 1is assumed to be compact and buried inaccessably inside a speci-
?R Hggce I shall consider only a plane 1nc1ge t wave, given for cw by
When the cw drlvtﬁ%— g}gnal e is modulated by f(t), the
1nc1dent wave becomes f(t-z/c)e by Fourier synthesis, and scattered
waves will acquire a pulse envelope in the same way. There are two
scenarios for detection of the scattered wave: the detected wave either
includes or excludes the incident wave. The latter might apply if the
incident wave is a narrow beam, if the detector has high directional sensi-
tivity, or in modeling monostatic geometry. This distinction makes a big
difference for dislocations, so I shall consider both cases.

At least for fairly high frequencies, one expects the received signal
to be dominated by a small number of contributions from geometrical rays.
Then any scatterer can be modelled by point scatterers situated at the feet
of these dominant rays. Widely separated scattering points will primarily
behave independently, especially in a pulsed field where time-delays are
important. Therefore, 1 consider a single point scatterer, and two
closely-spaced point scatterers, each represented by a scattering amplitude
and phase as shown in figure 5, which I assume independent of frequency.

4, 2
O.) P b) wrtSgao P
-
i |© : <
ae"’ _ o.e# be ‘li
T = -§ +§ x
el % e—— incident ___ ik 2ematpesing)
wave e

Figure 5. Scattering geometry for (a) one and (b) two point scatter-
ers., P is the observation point.

Each model will be analysed first for an incident cw of angular fre-
quency w, and then for that wave modulated with some real envelope function
f(t) = F(ot). Here o = bandwidth and 1/0 « pulse-length, I shall assume
f(ot) > O for all finite t to avoid intrinsic dislocations -- those present
in the incident pulse. As a specific example, I will usually take f to be
the Gaussian
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f(t) = exp(=o7t7/2). (1)

This model facilitates calculations, but in practice it is probably hard to
make a pulse that is (a) symmetrical and (b) decays asymptotically as fast
as a Gaussian. Simple pulse-shaping circuits are likely to give a simple
exponential decay, which is conveniently modeled by the hyperbolic secant

f(t) = sech(ot) = 2/(e%F+e™ Yy, (2)

Pulse shape has considerable influence on dislocations.

4. Wavefront dislocations outside the incident beam

Only the two-point model of figure 5(b) is interesting -- the cw far-
field scattered wavefunction is

(ar-l/Zei(¢—kﬁsina)ei(k[r+65in0]—wt) .

b (1+0(8/r))

. r—1/zei((¢+w)/2+kr‘wt)((a+b)cosn + i(a-b)sinD) (3)

r-I/Zei(w+k63inu)ei(k[r—ésin@]-wt)>

where D = (¢-y)/2+wA and & = §(sinf-sina)/c.

Ehe scattsred intensity (amplitude squared) 1is proportional to
(a-b)“® + 4abcos“D. Since a,b>0 by definition, the cw field has far-field
maxima/minima of intensity at angles © such that D = Nm, (N+1/2)7 resp.,
but there are no cw nulls unless a=b, i.e. there are no cw dislocations.

The scattered pulse field is

p1/2,100%)/2 + kr_wt)[aein(t-r/c—A) s be_in(t—r/c+A)]. (4)

Wavefront dislocations are zeros of this wavefunction. The conditions for
this are that the two terms in square brackets must be in phase opposition,
so that D = -D + (2N+1)n, i.,e, D = (N+1/2)7, and must have equal ampli-
tudes, so that

af(t-r/c-A) = bf(t-r/c+hr). (5)

The phase condition shows that the dislocations will travel exactly
along the cw valleys -- the lines of minimum cw intensity. This is hardly
surprising, and in any '2-ray' system this must be so. Experience suggests
that in general it is true approximately, but not exactly. The only gen-
eral theory available, the bandwidth-perturbation theory of Wright & Nye
(1982), gives the result that wavefront dislocations in long pulses travel
approximately along the surfaces in space on which the cw intensity is
locally minimal with respect to frequency at the pulse centre frequency.
Iti(¢igA(r?€§¥ t°i(¢§38Yr,c59at for any field of the form
ae — + be - the latter are exactly the surfaces on
which the phases of the two terms are opposed, i.e. the surfaces of minimum
intensity, but for a general field this is not so.

From (4) it is reasonable to define the pulse centre to lie at
= t-r/c = 0. If a=b, and f is symmetric, one solution of (5) is clearly
=0; if f decreases monotonically away from its peak, as I shall always
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assume, then this solution 1s unique. The dislocations occur at the
pulse-centre also in the far field of the piston radiator (Wright & Berry
1984), but not exactly at the far-field cw null angle.

1f azb, or if f is asymmetric, the dislocation will be shifted from
1=0, e.g. for the _Gaussian envelope (1) the dislocation occurs at
T =1, = (In(b/a))/20"A as illustrated in figure 6. In this model, T can
have “either sign, depending on the relative strengths of the two scatter-

ampl:.tude
scattered
fl‘om b

amplictude
scattered

Figure 6. Dislocation time for a Gaussian pulse if a < b.

5. Wavefront dislocations inside the incident beam: single point scatterer

The incident cw field, plus that scattered by the single point of fig-
ure 5(a), is

e-lwt(elkz+ar-1/2e1(¢+kr)).
The phase-opposition condition for cw minima is

¢ + kr = kz + (2n+1)7, or r =z + Qn' (6)
where ¢n = (2n+1)m - ¢. Since r2z because r2 = x2 + zz, there are solu-
tions only for ¢ 20. They are the family of parabolae, labelled by n, with
equation n

2
z = (x /¢n on)/z
shown in figure 7. For weak far-field §72ttering we can assume that obser-

vations are made only where a << r '“) so there are no (observable) cw
nulls,

Figure 7. Parabolic dislocation trajectories.
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The incident-plus-scattered pulse field is
e—lwt(f(t—z/c)elkz + ar-l/zf(t-r/c)e1(¢*kr)>. 7)

Once again the phase-opposition condition implies that any dislocation tra-
jectories must be exactly contained within the cw minima -- this is another
'2-ray' model.

Because ar 1/2 << 1, the first term in (7) will dominate the wave-
field, so 1 shall now define the pulse centre to occur at T = t-z/c = 0.
Furthermore, the weak second term always arrives later than the first,
because r2z, as shown in figure 8. Hence a dislocation can only occur at
T = TDZO, i.e. in the tail of the pulse, as observed in the piston radia-
tor.

b Bt
mplitude
encident £
k- -
f( =/<) ar 4 scattered
fle-r/e)
| .
E=xf tar/fe 3 x/c t
T=0O t:‘t‘°)o T

Figure 8. Incident and scattered pulse amplitudes.

The time at which a dislocation will pass a given point on the trajec-
tory, if at all, is determined by the amplitude condition, which using (6)
may now be written as

1/

f(TD) = ar 2f('rD - @n/c), (8)

where Qn is a constant on any trajectory. For the Gaussian envelope (1),
the solution as a function of z is

z2+¢
il n c 1n n
D 2|e¢ 2 2 ’
g ¢ a
n

which is sketched in figure 9(a). Every potential trajectory point is
traversed once by a dislocation. A pair is born (B) at the vertex (on the
z axis) of each parabola (figure 7), already in the tail of the pulse, and
moves roughly with the pulse along the trajectory, but dropping back loga-
rithmically ever further into the tail as the scattered wave gets weaker.

Let us now consider the sech pulse (2), which is probably a more real-
istic model envelope. Using this in (8) gives

cosh(ot) = (rl/zla)cosh(o(r-¢n/c)).

The limiting form as 1 + *= is

ra(1-¢ /c) *20% /c
ei01'~ (r'/zla)e n and hence r (= z + 0n) ~ a2e no
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Figure 9. Dislocation delay for (a) a Gaussian envelope, (b) a sech
envelope.

This imposes limits on the extent of the trajectory that a dislocation in
this pulse can explore, namely
-20% /c 20% /c
a2e M- ¢ szs aze Moo =2 .
n n max

The lower limit is not important, and for sufficiently weak scattering
imposes no constraint at all, since the trajectory satisfies -¢n/2 S z any-
way. The upper limit means that the dislocations only travel a finite dis-
tance from the scatterer, 1i.e. they are confined. Only in the infinite
bandwidth limit (0 + =) of an extremely short pulse is the whole parabola
explored; in the cw limit (o0 + 0) the trajectory shrinks to nothing (cf.
Wright & Nye 1982). The dislocation delay is

1 oén a o¢n
T,, = —artanh| cot - cosech} —1 |,
D a c (z+¢n)1/2 c

which is sketched in figure 9(b).

This strong dependence of dislocation behaviour on details of the
driving pulse envelope agrees completely with the findings of Wright & Nye
(1982), and appears to be a disadvantage for NDE. A Lorentzian pulse
(Wright & Nye 1982), which decays more slowly than exponential, produces
dislocation confinement and additional more complicated behaviour, which is
even less desirable.

6. Wavefront dislocations inside the incident beam: two point scatterers

This model is difficult to analyse, so to avoid inessential complica-
tions I shall simplify the model in figure 5(b) so that b= a, ¢ s ¢,
a = 0, The total cw field is (cf. (3))

e-iwt(eikz -1/2cos(wA)ei(¢+kr))

+ 2ar
where the two scattered wave functions have been combined, and interfere to
give the cos(ws) factor, in which A = 8sin®/c as in §4. This cw field is
very similar to that in §5, and if ké < 2n so that cos(wa) > O for all O,
the c¢w minima are identical for 1 and 2 point scattering. Generally, the
phase-opposition condition gives

2n+1

. >
o " if cos(wd) _ O 9)

¢ + kr = kz +
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for c¢w minima, which change into maxima when cos(wA) passes through O,
Hence it 1is not obvious what dislocation trajectories will do in this
model.,
The total pulse field is
. . _ ”m —iwal i
e 1wt(f(t:-z/c)elk"z + ar l/z[f(t--r/c--li)ew + f(t-r/c+t)e ]e1(¢+kr)).
Let us assume that f(t) = F(ot) is slowly varying, i.e. ¢ is small, so that

£7(t) = o?F"(ot) << £'(t) = oF'(ot).

Then Taylor expanding and combining terms gives the following approximation

for the scattered pulse:
omivt, -1 /z[f(t_r/c)cos (wA) - iAf'(t-r/c)sin(wd) ]ei(¢+kr) . (10)

Hence the total pulse field is approximately
(e (ea/ee™® ¢ 2ar T 2e(emr/e) v oFTEHND)) an

where R2 = cosz(wA) + AZ(L(t-r/c))zsinz(wA), Z = arctan(AL(t-r/c)tan(wA))
and L(t) = £'(t)/£f(t) = d Inf(t)/dt. From figure 8, which applies to this
model also, f£'(t-r/¢) > 0 at a dislocation in the scattered pulse, so L(t-
r/c) > 0. There are two conditions for a zero of (11). Phase-opposition
gives

“2+ ¢ +kr = kz+ (2n+)m, d.e. T =1z + ¢ +E/k, (12)
where k¢ = (2n+1)7 - ¢ just as for the single scatterer (§5). We shall
see that this phase condition determines the gross appearance of the dislo-
cation trajectories, which seems to be generally the case (Wright & Nye
1982). The amplitude condition gives

12¢ (t=r/c) R. (13)

f(t-z/c) = 2ar—1
Equations (12) and (13) are a perturbation (in A) of those for a single
scatterer, and I will use this observation to investigate their solution.

For all pulse shapes, Z is symmetrical in A as are the cw minima, and
satisfies Z = wA (modulo ) at wA = nn/2, It looks as in figure 10a, on
which the wavy lines indicate the values of Z that satisfy the cw minimum
condition (9). As A increases beyond about 1/L(t-r/c), the wiggles of Z go
'out of phase' with the cw steps, because the imaginary term in (10) is
increasing and has no analogue for cw., Figure 10a shows that the disloca-
tion trajectories drift smoothly across the cw extremum lines as the angle
O varies, They cross the cw minima where wA = Z = nm, pass inbetween the
'saddles' S where wA = E = (n+1/2)7 so that cos(wA) changes sign and cw
minima turn into maxima, and avoid the cw maxima., The number of cw-minimum
lines crossed is | k§/7]; maximum drift occurs on the x axis, and zero drift
on the z axis and asymptotically as r - ». This is sketched in figure 10b
for a system with ké/7 = 5/2., All these gross features of the trajectories
are independent of the pulse shape.

Where a trajectory crosses a cw minimum, R=1, and the dislocation time
is exactly as for the single scatterer. Otherwise, for small 0 and A
(>0 as r + ®), R ™, so that the dislocation times given by (13) will
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Figure 10. (a) = vs. 4; (b) A typical dislocation trajectory.

be similar to those discussed in §5; further analysis is too complicated to
give here.

7. Conclusions

Wavefront dislocations provide markers within (possibly long) pulses,
that are more sharply defined than say leading edge or pulse centre,
although in practice they can only be localized to an accuracy proportional
to the S/N ratio. Such markers allow the 'uncertainty principle' to be
beaten, and Walford (1972) used this idea to measure displacements of a
glacier as small as a hundredth of a wavelength.

Dislocation trajectories are fairly easy to calculate approximately,
they are closely related to cw minimum-amplitude surfaces, and only weakly
dependent on pulse shape. Dislocation times along their trajectories are
difficult to calculate and highly dependent on pulse shape. In realistic
systems dislocations seem to occur mainly in the tail of the pulse, and if
the tail does not decay sufficiently rapidly they may be confined, and
never leave the scattering region. This appears to be less of a problem if
there is no strong incident beam reaching the detector, so that monostatic
(coincident source-receiver) geometry should be favourable. The system
discussed in §4 (out of incident beam) also models the essence of this
case.

We have seen that a realistic radiator itself produces wavefront
dislocations that will be present in the incident pulse. Hence it will be
necessary to distinguish observations of such intrinsic dislocations from
the extrinsic dislocations generated by the scattering. The propagation of
intrinsic dislocations has so far received only cursory attention (Wright &
Nye 1982), but they could be more useful for NDE than their extrinsic coun-
terparts, '

I conjecture that more realistic models of scattering from microstruc-
ture will not show qualitatively new dislocation behaviour, For example,
the piston radiator model (Wright & Berry 1984) consisted of a finite size
radiator with 'infinitely sharp' edges. At quite low frequency
(wavelength = (27/10) radius) it showed very similar behaviour to the point
scattering models, with trajectories that are roughly parabolic (figure
3b). The scattering amplitudes determining dislocation behaviour are just
the usual cw amplitudes, so anything detectable using dislocations is also
detectable using cw. However, dislocations convey the information
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differently -- for example, cw interference fringes of negligible visibil-
ity may be pulled down nearby to actual amplitude zeros at some time during
the passage of a suitable pulse, and these might be more easily detected.
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MICROPHASE SEPARATION IN DENSELY CROSSLINKED POLYMERS

Dov Katz
Department of Materials Engineering
Technion, Israel Institute of Technology
Haifa, Israel

Abstract

Based on literature survey and on experimental work by the author
and his coworkers, the phenomenon of microphase separation in densely and
moderately crosslinked polymers 1s discussed. An attempt was made to
explain in general terms the reasons for microphase separation. The | res-
ence of supermolecular structures created by agglomeration of smaller
microheterogeneities into structures of the micron s '.ze, due to the action
of secondary forces and displacement and changes in shape of these struc-
tures, was emphasized. It seems necessary to take into account the total
morphology, namely the molecular or chemical structure of the network
together with the supermolecular structures built by action of secondary
forces in polymers used for matrices in composite materials and for
adhesives, when their mechanical properties are considered.

Introduction

In many polymerization reactions in which moderate or dense cross-
linking takes place, the resulting polymer has a nonhomogeneous structure
due to phase separation and microheterogeneities formed during the process
of crosslinking. 1In our earlier studies, Katz and Zewl (1972, 1974, 1975)

1=4) phase separation was postulated after discovering two distinct
secondary transitions in systems which contained only two reactive species
participating in the network building: the basic prepolymer and the
crosslinking agent. The phenomenon was related to the nature of the two
components, as well as to the continuous changes occurring in the system
during crosslinking. An assumption was made that formation of super-
molecular structures takes place because of physical interaction between
sections of the network. As a result of a fair amount of investigation
done on the subject of microphase separation, mostly by use of electron
microscopy, the existence of 'gell-balls", Labana, Newsman and Chompff
(1971)(-73 or "nodules”, Racich and Koutsky (1976)(6) of the size of
100-6008 was assumed by those authors and others. The phenomenon of micro-
phase separation and formation of microheterogeneities on the molecular
level, defined as "modular morphology' can be attributed to a few factors,
of which the most important seem to be:

a) syneresis, mainly microsyneresis, as suggested by Dusek (1971)(7) due
to local incompatibility which may occur with the progress of polymeriza-
tion because of the inhomogeneous increase of the degree of crosslinking
(v-induced syneresis),or because of compatibility changes in polymer-
monomer interaction due to changes in the nature of reaction participants
(x-induced syneresis);

b) formation of polymerization "loci' with excessive intramolecular
reactions within the "gel-balls" which exhaust the amount of available
functional groups for crosslinking outside the ''gel-balls', consequently
creating nonhomogeneous networks,
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In both cases regions with localized high crosslinking density are formed
which are surrounded by a "matrix'" with a lower densitv of crosslinking.
The '"nodulae" are interconnected since they are attached to the less dense
"matrix' by chemical bonds. Both above mentioned factors influence the
molecular structure and should perhaps be referred to as chemical micro-
hererogeneity of the network. Many of the functional groups remain
unreacted on pendant prepolymer or curing agent chains, because of movement
restrictions imposed on these chains partially participating in the network
formation, by the pronounced increase in viscosity of their surrounding due
to polymerization and possible also because of physical interaction caused
by strong secondary bonds. The unreacted functional groups of the pendant
chains play an important role in the aging of the polymer gnd can be also
used for chemical modification of the system, Funke (1982) 8).  Another
factor contributing to formation of heterogeneities in the crosslinked
polymers are differences in the chemical and physical nature of significant
parts of the network. This may lead to formation of supermolecular
structures as a result of the action of physical forces between certain
parts of the network. Those structures are much larger than the ?5?viously
described microheterogeneities and were defined by Lipatov (1975) as
macroheterogeneities. There exists of course, the possibility, and this
is usually the case, that more than one of the a.m. factors are acting and
enhancement of microphase separation occurs.

Supermolecular Structures

Most of the following discussion will be dedicated to microphase
separation due to formation of supermolecular structures. In their basic
structure those heterogeneities appear as globules much larger than the
"chemical" microheterogeneities randomly distributed in a structureless
"matrix'". Their order of organization can be increased in some cases by
stretching the polymer: the globules become aligned in the direction of
the acting stress and they may transfor? eventually into fibriles, similar
to the cases discussed by Kargin (1956) 10) with relation to some elasto-
mers in their rubbery state. Erath & Spurr (1959)-11) while describing
their studies of phenolic diallyl phthalate and some epoxy resins below
their Tg, reported the existence of globular formations which are "denser
that the material in which they are embedded and which may become
arranged in linear arrays". 1In a study of the microstyucture of
bisphenol-A epoxy resins, published by Cuthrell (1968) 12) the presence of
"two-phase systems containing flocular aggregates of higher density in a
lower density interstitial phase" is described. The experimental procedure
included microscopy and mapping the samples with a micropenetrometer.
"Spherical floccules'" in the size range from about 2x10° - 9%x10°% randomly
distributed in the interstitial phase or symetrically arranged were noticed
and their size could be made large or small by curing at low or high
temperatures. Based on those and other reports, as well as on our obser-
vations, it seems that the larger supermolecular structures are built up
by agglomeration and formation of aggregates of the smallest structures
discussed before, the nodules. The supermolecular structures are held
together by intra-and-intermolecular secondary forces and are formed or
changed during and after polymerization. After polymerization the changes
occur due to thermal and mechanical treatment of the polymer, physico-
chemical processes which take place in the polymer on aging without or with
straining, plasticizer migration, chemical attack, etc. The size and the
shape of these structures sgff)to be influenced by many factors as discussed
by Morgan and O'Neal (1977) , some of them mentioned above, and they
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range from a few tens of nm up to um. In a latter work, reported by

Aspbury and Wake (1979)(1* , on amine-cured epoxy resins used for

structural adhesives, nodular structures of different sizes were noticed.
The nodulae aggregate into larger structures, defined by Aspbury as "trees",
which vary with the curing agent, the state of cure, specimen preparation,
etc. An assumption was also made, that the fracture behavior of a polymer
may be associated with the large size aggregates.

In our more recent studies of supermolecular structures and attempt
was made to find a correlation between the nature of these structures in
the basic polymer, or created by the action of aging and stresses, and some
mechanical properties of the specimen. Most of the polymers used for this
investigation were diglycidyl ether of bisphenol A (Epon Resin 826) cross-
linked with diethylene triamine (DETA) or with metaphenylene diamine (MPDA),
while another part of the study dealt with the behavior of a commercial
structural epoxy type adhesive. Scanning electron microscopy (SEM) was
used for examination of the failure surfaces topography of specimens
fractured at room temperature, much below Tg of the polymers. The study
included investigation at room temperature of:

I. properties and failure surfaces of unstrained and strained specimens
aged in air at temgeratuges above Tg of the resins, Katz and Buchman
(1977, 1978, 1979)(13-17),

I1. properties and fracture surfaces structure of a one component structural
adhesive aged in itg prepolymerized state at room temperature, Katz, Buchman
and Gonen (1'98())(18 .

ITII. topography of failure surfaces of unaged samples bent at different
rates of strain at room temperature, Katz and Donnet (1982)(19).

I. Aged Unstrained and Strained Crossiinked Epoxide Resins

Due to aging of X-linked Epon-DETA and Epon-MPDA systems above their
Tg, profound physico-chemical changes occur in the polymers affecting their
structure and properties. Application of large tensional straims, 20, 40
and 602, during the aging process results in obtaining of specimens with
different properties and a different structure than those of the specimens
prepared the same way, but unstrained during aging, Fig.l. This behavior
seems to be due to orientation occurring in the stretched samples during
their aging and to changes in the network structure of the polymer because
of orientation and different supermolecular structures, stable below Ié, which
are formed in the two cases. While on SEM micrographs, Fig.2, of the
external and fractured surfaces of the unaged and unstrained aged samples
only large globular structures are observed, on the surfaces of samples
aged while strained, also oriented sections, some of them even very highly
oriented, can be seen. 1In spite of the fact that most of the structural
changes occurred during the aging process in the '"skin and intermediate
layer" as shown by SEM micrographs and birefringence measurements, the
mechanical properties of the specimens were affected considerably. A
qualitative relation between some mechanical properties of the aged samples
and their unoriented or oriented structure can be noticed. In this case,
strain induced orientation in a typical amorphous crosslinked polymer led
to different chemorheological aging processes in the specimens and to
different network structures of the aged unstressed and stressed samples
derived from the same basic polymer.
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I1. Qgg—comgggggt Structural Adhesive Pregolzmer

In another study by Katz, Buchman and Gonen (1980) (17) which dealt
with aging in storage of a one-component structural adhesive "PM-73"
(manufactured by American Cynamid) in its prepolymerized state, a corre-
lation between mechanical properties of the polymerized adhesive and its
supermolecular structures as observed on SEM micrographs of the failure
surfaces of the adhesive, was noticed, Table I. The adhesive unaged before

Table I. Properties of unaged and aged polymerized adhesive

Aging time
Material (days)
Properties 0 3 8 16
Polymerized SwellingIVWeight increase 41.0 35.2 23.8 27.7
jpdhesive l (% wt)
| Solubles (% wt) 2,72 | 2.73| 1.78 1.41
Tension [ob (kg/cm?) 178.4 [275.0 |289.0 316.0
| Eb (%) 3.10 2,45 2.40 2.3
Torsion T
in rub- | GlO,R)x10—7dyne/ 3.1 3.1 4.5 5.4
bery I km2)
region |
t
ingle Shear | T (kg/cmz) 256 264 262 240
ap joint | E (kg/cm?) 275 |aw6 |23 | 228
i

polymerization, had after the accomplishment of the curing cycle a lower
stress at break (0Op), shear and torsion modulus but a higher strain at
break (€p), toughness and adhesion energy, than the adhesive aged at room
temperature for different lengths of time before polymerization. The SEM
micrographs of the fractured surfaces, Fig.3, show clearly the presence of
fibrilar structures in the first case, but only a few fibriles and mostly
globular supermolecular structures in the polymer specimens made from aged
prepolymers. There seems to be a clear relation between the more ductile
failure of the product obtained from the unaged prepolymer and the
occurrence of fibriles in its failure surface, while the failure surface of
the more brittle material obtained from the aged prepolymer contained mainly
globular structures, an occurrence which can be characteristic for the
behavior of a material with a high Oy and a low €.
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Fig.3 : SEM photomicrographs of failure surfaces in temsion (r =50 mm /min)
of specimens prepared from an adhesive which was before polymerization:
(a) unaged (x100) ; (b) aged for 7 days (x 150).

ITI. Epoxide Resins (Epon 826-DETA) Subjected to Bending at Different
Rates of ‘Strain.

This work is only in its early stages and therefore only a few
qualitative results of some introductory experiments will be presented and
discussed.

Samples of EPON 826 crosslinked by equivalent ratios of DETA and
prepared all in one batch were bent at room temperature at different rates
of strain: 50, 5 and 0.05 mm/min till fracture (by use of an Instron
universal machine). The specimens were made by machining from a plate
polymerized in a mold after careful mixing of the two reactants. The poly-
merization cycle included reaction at room temperature for 1 hr, at 35°C
for 1 hr and postcuring for additional 2 hours at 115°C. The fractured
surfaces coated with a thin layer (1008) of Au/Pd (90/10) were studied by
use of an electron scanning microscope (SEM). Since in bending experiments
part of the specimen is subjected to compressive and another part to
tensional stresses, the micrographs show different structures of the
fractured surface in the part where compression and in the other part where
tension occurred, but a large degree of orientation can be distinguished in
both regions, Fig.4. The orientation effect depends on the rate of strain
and so are the structures which formed mainly during the application of the
bending stresses. The occurrence of fibrilar structures in the fractured
‘ surfaces is increasing with the decrease of the rate of strain and in scme
micrographs it can be seen clearly, that they are developing from larger
globular structurgs in the presence of small globules.
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(h) (d)

Fig.4 : SEM photomicrographs of failure surfaces of EPON 826-DETA fractured by
bending at different rates of strain ( Tension region):
(a) 1= 50mm/min (x400); (b) r= 50mm/min( x20,000) ;
(¢) r= B805mm/min (x200) ; (d) r=0.05 mm/min(x2000);

Most of the fibrilar structures are not continuously smooth and
uniform; they seem to be built from flattened elipsoid shaped layers which
form almost uniform parallel strata, arranged perpendicularly to the
direction of the acting stress. The thickness of these layers may be of
importance and can perhaps be related to the size of the globules and to
the magnitude of forces acting inside the globules and between them. Much
work has to be still done on this subject; we believe that micro X-ray
analysis can contribute more to formation of a clearer picture of the inter-
relation between the structure of the polymer, 1ts crosslinking density,
efficiency of crosslinking, inter- and intramolecular forces, supermolecular DA
structures obtained during polymerization, and the microphase structures L
created while acting on the polymer in controlled conditioms.

Discussion

!
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No serious attempt was made, neither by us, nor to the best of our
knowledge by others, to correlate quantitatively or even qualitatively the
occurrence of supermolecular structures with properties of the material, but
one can not avoid the temptation to make a few highly speculative remarks
on the subject. The explanation of the influence of new supermolecular
._ structures obtained as a result of stretching on physico-chemical processes
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(ex. aging of strained samples at high temperatures) on mechanical
properties of the polymer is simpler, because of the relative easiness

in recording of changes occurring in the network due to chemical reactions.
The situation becomes much more complicated in the case of changes, or
build-up of new supermolecular structures of nonpermanent character, due to
action of physical factors only and it seems worthwhile to consider a few
ideas from the point of view of structure properties correlation. By
stressing a polymer specimen a higher order of organization can be induced
into the material, because the globular structures will align themselves in
the direction of the strain or they even transform into fibriles which may
or may not interact. If no considerable creep and/or stress relaxation
takes place during the straining process, and this is the case in cross-
linked systems, and if the forces holding together the newly created
structures are weak, after stress release, the oriented structures tend to
return quickly to the lower degree of organization, namely to form again a
pattern with randomly distributed globules. This will also be the situation
in nonlinear highly polar noncrosslinked polymers in their transition and
rubbery regions, when no strong secondary intra- or intermolecular forces
are preserving the new strain created structures. Such structures can be
formed in the transition, rubbery or even in the viscous flow region of
certain thermoplastics and then preserved by rapid cooling of the polymer
to temperatures below its Tg. Secondary forces, weakened or even nullified
by high temperatures act again and preserve the new structures. Consequent-
ly the properties characteristic for the oriented structures, like the
reinforcing effect, which can be observed mainly by the increase of stress
at break and of the Young modulus and often by a decrease in the strain at
failure,6are preserved too. The shape, orientation and size of the oriented
structures can be studied by use of different physical methods, like SEM,
LAX-S, birefringence etc. Since the oriented structures in crosslinked
polymers and in many cases in thermoplastics are not the ones with the
highest entropy at temperatures below Tg, the ordered or distorted globular
and fibrilar inhomogeneities in the material will tend to relax and return
to their random distribution in the interstitial phase. Their relaxation
process will depend on the driving force related to the surplus of free
energy in the non-equilibrium state and to the magnitude of the secondary
forces acting at the relaxation temperature inside and between the inhomo-
geneities. (This description of a polymer behavior may explain the memory
effect characteristic for many polymeric products, an effect which 1is very
marked in polymers with strong inter- and intramolecular forces). In non-
polar nonlinear polymers the acting inter- and intramolecular forces are
very weak; the oriented structures of the stretched polymer disintegrate
easily and since the internal energy difference between the oriented and
unoriented states ('the driving force'") is small, no serious reinforcement
effect can be observed due to creation of oriented structures, after cool-
ing below T, of the polymer or after the orientation-causing stress is
removed. Straining below T, will produce in crosslinked polymers with
secondary inter- and intramolecular forces of different magnitude different
results which demonstrate themselves in such characteristics of the material,
as Oy, €p, E and toughness. If the secondary forces are strong and the
rate of strain 1s high enough, one would expect that the dense globular
supermolecular structures will persist, they may become aligned in the
direction of the acting stress moving inside the less dense interstitial
phase and the material will show a brittle behavior with relatively high

E and oy, a low €p and toughness, on the fractured surface of the polymer
very few short or even no fibriles will be detected. Easiness in transition
from the globular to fibrilar structures seems to be very important when

e

. .
W L




S . - Pl i Pl Sl ML Pt S E A Dl B e S S PR MRS T i S ™)

v,
o s
o . ‘l.‘-':
! I,
ﬁ brittleness, ductility or toughness of the material are considered. The S
v rate of strain at a certain temperature, or the temperature at a certain j :]i
rate of strain doubtlessly incluence the formation of different kinds of L
supermolecular structures in polymers. Ex. given enough time (at lower ]
) rates of strain) at a certain temperature, formation of fibrilar e
- structures is more pronounced than in experiments performed at high rates A‘ X
- of strain. This approach is supported by results of our experimental work ]
5 and by the conclusions derived by Gladhill and Kinloch (1979)(20) from their T--»»!
i investigation of crack growth in epoxy resins used as adhesives. According T
7 to them: "it is the flow of nodules past one another, rather than slippage PRI
o~ of polymer chain segments, which is the mechanism involved and which is '}iiﬂ:
:' largely responsible for-plastic strains observed. Further, the different Lo
g plastic strains recorded may possibly be ascribed to morphological R
: differences. Mechanisms for different modes of crack growth have been 7!!
considered. It is proposed, that the amount of localized plastic defor-- )
mation arising from shear yielding that occurs at the crack propagation is ‘ \
the controlling feature. Correlation between the mode of crack growth . ;
ability to undergo plastic straining and morphology of the adhesive have : 1
- been established in support of the proposed mechanism". P
‘ . d
: Summary ‘
g The presence of microheterogeneities in a less dense chemically
. attached interstitial phase in crosslinked polymers was proven in many
' investigations. These microheterogeneities, from submicron nodules up to ]

{ micron size structures, are held together by chemical links and by physical . q
i forces acting between parts of the network. They are formed by agglomera- L
. tion of smaller heterogeneities into supermolecular structures and exist in S

‘?i their simplest shape as globules of different size distributed randomly in ._;{;;
N the interstitial phase. Due to the influence of different factors R

- (temperature, magnitude of stress, rate and frequency of strain, plasti- s
) fication, etc.) the supermolecular structures may become aligned and

change their shape from globular to fibrilar with different more or less
ordered intermediate structures between the two extreme ones. When
rheological properties of crosslinked polymeric matrices in composite
materials or in adhesives are considered, in addition to the molecular .
, (chemical) structure of the network, also the strength of secondary intra- R
® and intermolecular forces, the formation and changes of supermolecular ;,_ull
structures due to the action of these forces, in other words the total ~i,j~l

Dl

;- morphology of the network, should be taken into account. “§‘f};
s ﬁ”lfff
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PROBING THE MESOPHASE LAYER IN POLYMERIC
COMPOSITES

P.S. Theocaris

Department of Theoretical and Applied Mechanics,
The National Technical University of Athens
Athens GR-157 73, Greece

Abstract

The structure and extent of the boundary layer deveioped between phases in a
two-phase composite was represented by models which consider the totality of
the transient phenomena taking place along this boundary layer. These models
are based on the assumption that all physical and mechanical properties of
the composite unfold from those existing at the inclusions, to those
dominating in the matrix.

In this way a pseudophase was developed between main phases, consisting of
an infinite number of layers each one of them having progressively varying
properties from its neighbours.

The extent of mesophase was evaluated by considering the variations existing
in the heat-capacity jumps ACp, of the simple polymeric substance made of

the matrix material and the respective composite, appearing at the respective
glass-transition temperatures of both substances. Based on thermodynamic
measurements with differential scanning calorimetry the extents of these
jumps were accurately measured and these define the thickness of this
boundary layer.

It was, further, assumed that the abrupt variations of the mechanical
properties 1in the mesophase follow negative-power laws, whose exponents were
derived by measuring the moduli of the matrix, inclusions and the composite
and assuming the validity of an improved law of mixtures.

Experimental evidence with either iron-particulates, or glass-fiber
composites indicated clearly that the introduction of the mesophase yields
a better and more flexible model for interpreting in a realistic manner
the complicated phenomena appearing in all composites used in engineering
applications.

Introduction

The adhesion between matrix and inclusions in a fiber- or particulate-
composite material is one of principal factors characterizing the
mechanical and physical behaviour of the modern composite materials, All
theoretical models describing these substances neglect to consider the
influence of the boundary layer developed between phases during the
preparation of the composite.

In reality, around an inclusion embedded in a matrix a rather complex
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situation develops, consisting of areas of imperfect bonding, permanent
stresses due to shrinkage, high stress-gradients or even stress-
singularities, due to the geometry of the inclusions, voids, microcracks

etc.

Moreover, the interaction of the surface of the filler with the matrix is T
usually a procedure much more complicated than a simple mechanical effect. -
The presence of a filler actually restricts the segmental and molecular e
mobility of the polymeric matrix, as adsorption-interaction in polymer %~,4!
surface-layers into filler-particles occurs. S

The polymeric matrix, cast around the inclusions, created phenomena of
physical and chemical adsorption, Physisorbed layers of the matrix LT
contribute, in general, to weak mesophases. However, the physical s
interpenetration of the boundary layer of the matrix in cavities and other !
rough regions of the surfaces of solid inclusions, interrelated with the .
biased development of the molecular structure of the polymeric chains
there, and any other structural variations of the adjacent layers, creates S
an intermixing and interpenetrating phenomenon, which influences ]
considerably the molecular structure of the mesophase, thus resulting to ]
variations of its mechanical strength. Thus, the mechanical properties of
the matrix films and layers close to the interfaces, which are functions
of the initial structure of the matrix, are strongly depending on the
physical situation of this boundary layer.

On the other hand, chemisorbed (chemically adsorbed) molecules on the
interfaces create structural variations, by developing beaded structures

of caged molecules or ladder-like molecules. All these types of chemisorbed
elements on inclusions lead to rapid variations of the properties and
mechanical strength of the interface layer, close to the surfaces of
inclusions.

Then, around each inclusion (fiber or particulate) a complex state is
developed, which creates an intermediate boundary iayer of variable
thickness along the inclusions, where all these anomalies are concentrated
and influence the physical behaviour of this layer. This zone is extended
beyond the thin layer including the phenomena of physisorption and
chemisorption, and it incorporates the zones of imperfect bonding and
shrinkage stresses, the high stress gradients, or even stress singularities,
due to geometric discontinuities of the surfaces of inclusions, to the
concentration of voids and to the impurities, microcracks and other
anomalies,

In this study the existence of the boundary layer, constituting the
mesophase, and developed between the two main phases of a two-phusc
composite was taken into account for the development of a convenient model

describing the thermomechanical behaviour of unidirectional fiber
composites, This layer was assumed as developed entirely on the side of the

softer polymeric matrix, and the harder inclusion is considered as neutral.
Moreover, the mesophase was assumed as an independent pseudo-phase of
variable properties, matching those of the inclusion on the one side, and
the matrix on the other. The models are based on the same basic ideas as
the Hashin-Rosen model (Hashin, 1962; Hashin and Rosen, 1964).

The evaluation of the characteristic properties of the mesophase was
achieved by introducing two alternate expressions of an ‘r:r vl "w of
mixtures between phases incorporating the influence of the third phase. In
hoth models it was assumed that the mechanical and the physical properties
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of the mesophase "unfci" from those of the hard-core fillers to those of
the softer matrix. Thus, a multilayer model was assumed, improving the
classical two-layer model, introduced by Hashin and Rosen, for the
representative volume element of the composite.

The variation of the mechanical properties of the mesophase layer were
considered as varying according to different negative power laws along the
infinitesimal thickness of the mesophase, thus matching conveniently the
properties of the inclusions with those of the polymeric matrix. The one
model uses a three-term expression, whereas the other and simpler one a two-
term expression for this variation of the modulus of the mesophase.

In order to define the thickness of the mesophase, Ari, Lipatov's law was
considered, which interrelates this thickness to the jump in the heat-
capacity values at the glass transition temperature of a polymer. According
to this law the difference in heat-capacity jumps between the pure polymer
of the matrix and the respective composite at their glass transition zones
defines the extent of mesophase. Then, measurements with suitable samples of
the matrix polymer and the composite in a differential scanning calorimetry
apparatus define accurate the values of Ari.

On the other hand, accurate experimental evaluation of the modulus of the
composite, E., yields another quantity necessary for the solution of the two
versions of the improved law of mixtures considering the influence of
mesophase. The solution of these equations yields the exponents of negative-
power expressions for the variation of the mesophase modulus, E;(r), and
constitute an effective means for defining the adhesion quality of the
bonding between phases in the composite.

The models have been applied either to iron-particulates, or the glass-fiber
reinforced polymers with satisfactory results (Theocaris, 1984a,b,c,d).

Both versions of the unfolding model gave reasonable thicknesses for the
mesophase layer in its proper sense. Moreover, the mode of variation of the
mesophase modulus in the layer indicated the role of transition, played by
this layer in adapting and smoothing out the large differences in the
mechanical properties of phases.

These versions of the model were based on a previous one related to a
multilayer model (Papanicolaou, Theocaris and Spathis, 1980), which was an
improvement of the classical Hashin-Rosen two-phase models. These new
versions were already presented in previous publications by the author
(Theocaris, 1984a;1984b;1984¢;1984d).

The Unfolding Models in Composites

The models introduced by Hashin (1962) for the particulates and by Hashin
and Rosen (1964) for the fiber composites are of general acceptance. They
assume in both cases representative volume elements (RVE) of the materials
consisting of a gradation of sizes of cells, corresponding to the volume
filling configuration existing in the particular material studied. Moreover,
a fixed ratio of radii between the spheres or the cylinders of the
inclusions (r¢) and the respective quantities for the matrix (rm) are
assumed, in order to have the analysis of a single representative volume
element (RVE), expressing the behaviour of the entire composite.

Besides these simple geometric models, other types of models include the
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so-called self-consistent mouc’, according to which the average values for
stresses and strains in either phase are determined by solving two separate
problems, whose superposition yields the final configuration of the model.
The solution of the two individual problems allows the evaluation of the
average properties of the composite, by knowing the respective properties of
either phase. The self-consistent model was applied to composites by
Budiansky (1965) and separately by Hill (1965).

An important variation of the self-consistent model is the three-phase model
introduced by Kermer (1956). In this model the inclusion is enveloped by a
matrix layer, which is turn is embedded in an infinite medium with the
unknown macroscopic properties of the composite. A variation of the Kerner
model was introduced by Van der Poel (1958), which approached more correctly
the problem of stress distribution in particulates. Both models were based
on solutions introduced by Goodier (1933) and Frohlich and Sack (1946) for
a spherical cavity submitted, either to a hydrostatic loading, or to a pure
shear loading.

While the initial Van der Poel model was valid for hard fillers and
incompressible matrices, this model has been extended by Schwarzl and
Eikhoff (1971) to incorporate the description of particulates along a wide
temperature range. A further use of the Van der Poel model and the Schwarzl
and Eikhoff ideas were made by Maurer (1983) in his interesting
dissertation.

Similar attempts to study three-phase particulate composites were made by
Sagalaev and Simonov-Emiljanov (1973) in the Kerner-Kerner model, where the
classical Kerner model was used twice to cover successively by pairs the
phases of a three phase composite, by Kudykina and Pervak (1975), by Takano
and Sakanishi and, finally, by Spathis, Sideridis and Theocaris (1981). All
these models yield the moduli of the particulate composites in terms of the
moduli and respective volume fractions of three constituent phases of the
composite, without considering, except the last one, that the middle phase
is a product derived from the interaction of the two main phases and depends
on their degree of adhesion. All these models have been compared previously
(Theocaris, 1984d).

Finally, the Takayanagi model (Takayanagi, Uemura and Minami, 1964) should
be mentioned, where the influence of the filler modulus, Eg, is taken into
account for the evaluation of the respective modulus of the composite, E..
In this model the filler volume fraction, ugs=Ap, was combined with a par%
(1-9)Au, of the matrix-volume fraction, uy, which had a different influence
on E. than the rest of the matrix volume Praction (1-N)up.

These three elements, that is the filler-volume fraction us=Ap (represented
as an orthogonal of sides A and ¢, gquantities which represent the state of
mixing), the connected to us part of the matrix (1-¢)Auy, and the rest of
the matrix (1-A)up, were arranged in convenient combinations. The model A
consists of the ug-and (1-9)Auy-elements in parallel and then the (1-Mup-
element in series, whereas the model B contains the ug- and (l-w)Aum-
elements in series and the (1-A)u -element in parallel with the previous
unit. Both models gave satisfactory approximations, either for the composite
compliance, D., of a particulate (model A), or for the composite modulus,
Ec» of a fiber composite (model B).

While the Takayanagi model was designed mainly for two-phase materials, it
could be extended to incorporate the influence of mesophase (Srathis, Kontou
and Theocaris, 1984).




It seems that a further extension of the concept of using mixed-mode
connections, that is in series and in parallel, for the elements contained
in such models is very promising.

In a similar context a series of models was recently introduced by Theocaris
(1984a,b,c and d) which approaches better the real situation in the
composites. The novel element in these models is the introduction of a third
phase in the Hashin-Rosen models,which lies between the two main phases
(inclusions and matrix) and contributes to the progressive unfolding of the

properties of the inclusions to those of the matrix, without discontinuities.

Then, these models incorporate all transition properties of a thin boundary-
layer of the matrix near the inclusions. Thus, this pseudo-phase
characterizes the effectiveness of the bonding between phases and defines an
adhesion factor of the composite.

For the model valid for particulate composites the component-phases are
interconnected through consecutive spherical interfaces of the filler,
mesophase and matrix. The dominant transverse interconnection through shear,
holding for the fiber-composites, is in this case insignificant, the
adhesion being now achieved by a continuously varying combination of shear
and normal forces at the interfaces. Thus, variable components of the
hydrostatic and shearing loadings were developed between these surfaces,
Then, it is closer to the real situation of force-distribution to assume
that the contributions of phases are done by superposed in series layers of
the phases, 1ying the one on the top of the other in the direction of the
application of the external load.(Fig.la).

p
=S
L
<] equatorial E ' - meridional
section ; ' [~ section
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F T T M
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Fig.1l. Configurations of the representative volume elements
for particulates (a) and fiber-reinforced composites (b).
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In this case, the compliances, instead of the moduli, should be added to
derive the compliance of the composite, since now the capacitances of the
respective electrical analogy, corresponding to the moduli of the elements,
are connected in series. This argumentation explains the necessity of adding
in this case the compliances of phases, instead of moduli.

However, since the approximation of superposed flat layers is again far away
from reality, because of the average sphericity of the layers, the
expressions for the bulk compliance of the composite should be expected to
be expressed by complicated expressions of the constituent compliances.

It has been shown that the bulk compliance B.=1/K. of the composite is
expressed in terms of the bulk and shear moduli of the filler (denoted with
subscript f), the mesophase (denoted with subscript i) and the matrix
(denoted by subscript m) by:

2 2
1 Ef.(ﬁfi)z , 3uf [I-Afi]Z . Us [Afi 1 }2+ |
Ko Ke \Mjp/ 4BGyuy | Ay Kivi (M BAyg :
- el
* zu33(;Uf [1 - ]2 " [B:f - 1]2 m
mm im m’m im

where the coefficients Afi and Aim are expressed by:

A - 9

p P p .

i i m o MNim
and: Sl
3,3 . 3,3 _ sy
ri/rm ugtu, rf/rm Ug (3) ;:;?_
Moreover, it is valid that, s
3,3 Ygtuy g S
r'i/rf = —‘U;*' = E (4) ,..

Equation (1) yields the bulk modulus, Kc, of the composite in terms of the

bulk and shear moduli of the phases and the stress-ratios Agj and Ajp which, S
on the other hand, depend on the elastic moduli and Poisson's ratios of the Ll
phases. These stress ratios are expressed by (Theocaris, 1984b): —

A . -
fi 2u].E].(l-2vf)+[3uf(1-vi)+ui(1+vi)]Ef

3(1—vm)-2um(1-2vm) ) Emum (1+Vi)
3(1—vm) Ei 3(1-vm)

For the complete solution of the problem, a relation between the Poisson
ratios of the composite and its constituent phases is needed. Since the
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mesophase is derived from the matrix material, it is reasonable to accept
that:

vi = v (7)

whereas for the Poisson ratio vc of the composite we use a modification of
relationship given by Jones (1975) interconnecting the values of Poisson's TR
ratios. This relationship was found satisfactory for our purposes and is -
given by: e

U U. U
1  °f i m
vo v Tt (8)
m

v v
C f i

The last equation completes the number of relationships, necessary for _ 1
evaluating the characteristic properties of the particulate. C

The model expressed by relations (1) and (8) yields accurate results, if the
constituent phases of the particulate composite are accurately defined. )
However, it should be mentioned that its validity holds only in the purely q
elastic behaviour of the composite, since viscoelastic effects have not been N

encountered in this model. To this aspect the model is similar to all other

models and especially the most sophisticated Kerner-Kerner, Krauss,

Takayanagi, Van der Poel and Maurer models. Furthermore, it contains an R
additional advantage that it, alone, incorporates the influence of the IR
mesophase developed between phases, which depends on the adhesion quality of , 1!
their bonding and in some regions it plays an important and regulating role to e
the mechanical behaviour of the composite.

Indeed, in all previous models the boundaries of their phases were assumed as -
smooth surfaces. In reality, around an inclusion a complex state develops, o
which consists of areas of imperfect bonding, permanent stresses, due to - !l
shrinkage of the polymer phases, during the curing and aftercuring periods, coe
and the change of the thermal conditions there, high stress-gradients and 1
stress-singularities, due to the complicated geometry of the interfaces, ]
voids, impurities and microcracks, appearing at the vicinity of these IR
boundaries. T

Moreover, the interaction of the matrix polymer, during its aftercuring
period, with the surface of the solid inclusion is always a complicated
procedure. Indeed, the presence of the filler restricts the free segmental
and molecular mobility of the polymeric matrix, as adsorption interaction
between phases occurs. This phenomenon influences considerably the quality
of adhesion between phases, contributing to the development of a hybrid
phase between main phases, which is called interrhase, or, better, mesorhase.

The existence of mesophase was proved experimentally and its extent was
evaluated by a theory developed by Lipatov (1977). Similar evaluations of the
extent of mesophase were established by calculating, through dynamic
measurements of the storage moduli and the loss factors at the vicinity of
Tg's of the matrix and the composites the differences of these quantities for
the composite and the matrix materials (Theocaris, Kefalas and Spathis, 1983).
Finally, the mesophase volume fraction, uj, may be evaluated by executing
measurements of the strain magnification factor for the unfilled and filled
polymer, as it has been nicely advanced by Ziegel and Romanov (1973a;1973b),
on a theory based on the concept of line-fraction introduced by Bucche (1960).
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For the case of unidirectional tiber-reintorced composites a multi-layer

model was initially introduced by “hcocuric ox faav! < 7w (1979). In this
model influence of the mesophase on the properties of the composite was
studied. Another model was afterwards presented, where the variable with polar
distance elastic modulus of the mesophase was expressed as sum of a constant
term and two variable terms, expressed as modifications of the moduli of the
filler and the matrix by negative power laws (Papanicolaou, Theccaris and
srathis, 1980). The inconsistencies of this model were remedied by a new
version of the model introduced by rheocaris (1984a to e) containing either
two, or three terms.

However, the situation with unidirectional composites appears to be much
simpler. In this case and when the fibers of the composite are oriented
parallelly to the externally applied load an improved law of mixtures holds,
where the contribution of the mesophase is taken into account. This law is
expressed by:

E. = EpUetEju+E U (9)

where the u's are expressing the respective volume fractions.

Relation (9) may be considered as satisfactory for fiber-reinforced composites
because, the individual moduli of phases in the RVE should cooperate through
their interfaces, which are assumed parallel to the direction of application
of the external load, this cooperation being achieved by the lateral surfaces
of cylinders developing shears between phases. Thus, this model necessitates
an addition of the moduli of the phases multiplied by weight-factors, which
are simply their respective volume contents. In an electrical analogy scheme
then, the weighted moduli constitute capacitances connected in parallel,
which explains the validity of relation (9). This relationship was found to
yie]? satisfactory results in the applications (Theccaris and Papanicolacu,
1979).

The representative volume element for unidirectional fiber-reinforced
composites, see Fig.lb, consisting of a cluster of three co-axial cylinders
of the same height equal to unity, has volume fractions u's for its phases
given by:

r2op
m_i

P G i ORI G A (10)
> : 2 2
) \ 2 J \ 2 /

Assuming the appropriate boundary conditions between the internal cylinder and
any number of annuli surrounding it in the RVE of the composite, which assure
continuity of radial stresses and displacements, according to the loading case
considered, we may establish readily, by an energy balance between phases, the
well-known law of mixtures, valid for the longitudinal modulus EC eE( nf the

composite: t
E ot ("fmg it " T8 (11)
c f ;?} i\ 2 w2 )
m "m "m

If we assume further that the interphase annulus consists of a material having
progressively variable mechanical properties, in order to match the respective
properties of the two main phases bounding the mesophase, we can define a

'
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variable elastic-modulus for the mesophase, E;(r), which, for reasons of
symmetry, depends only on the polar distance }rom the fiber-interphase surface.
In other words, we assume that the mesophase layer consists of a series of
elementary layers, whose constant mechanical properties differ to each other by
a quantity (small enough) defined by the law of variation of Ei(r).

Definition of the Thickness of the Mesophase

It has been observed that, for the same volume fraction us of the filler, an
increase of Tg indicates an increase of the total surface of the filler
(Voyutsky, 1960). This is because an increase in Tq may be interpreted as a
further formation of molecular bonds and grafting getween secondary chains of
molecules of the matrix at the solid surface of inclusions, thus restricting
significantly the mobility of neighbour chains. This increase leads to a change
of the overall viscoelastic behaviour of the composite, by increasing the
volume fraction of the strong phase of inclusions.

The variation of the properties of polymers along their interfaces with
inclusions is extended to layers of a, sometimes, significant thickness. This
follows from the fact that, if only a thin surface-layer of the polymer was
affected by its contact with the other phase, then the change in Tg should be
insignificant, since the level of the glass transition temperature is
associated with the bulk of the polymer, or, at least, with a large portion
of it.

If calorimetric measuremenis are executed in the neighbourhood of the glass
transition zone, it is easy to show that jumps of energies appear in this
neighbourhood. These jumps are very sensitive to the amount of filler added
to the matrix polymer, and they were used for the evaluation of the boundary
layers developed around fillers.

The experimental data show that the magnitude of the heat capacity (or
similarly of the specific heat), under adiabatic conditions, decreases
regularly with the increase of filler content. This phenomenon was explained
by the fact that the macromolecules appertaining to the mesophase layers are
totally or partly excluded to participate in the cooperative process taking
place in the glass-transition zone, due to their interactions with the
surfaces of the solid inclusions.

Lipatov (1977) has indicated that a relation holds between a weight constant,
A, defining the mesophase volume-fraction uj,.and the jumps of the heat
capacity AC, of the filled-composite and Acg of the unfilled polymer for
particulate composites:

A=1- -2 (12)
ac?
p

where A is a factor multiplying the filler volume fraction ug, in order to take
into consideration the contribution of the mesophase-volume fraction uj to the
mechanical behaviour of the composite.

In order to define the volume-fraction u; of the mesophase for the particular
composite studied, a series of dilatometric measurements were executed in a
differential scanning calorimeter, over a range of temperatures including the
glass transition of the matrix, and the composites containing different amounts
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of fillers. The variation of the heat capacity Lp vt the samnles per nole X
versus temperature wvas plotted automatically in a differential scanning N
calorimetry. A1l C,=f(T) curves plotted for pure polymers and composites i
presented a typica? jump ACp in heat capacity at the glass transition zore. T

Fiq.2 presents schematically the variation of Cp at this zone versus temperature. -
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Fig,2. Typical DSC traces for the specific-heat jumps at the
glass-transition regions of E-glass fiber- eooxy resin
composites and the mode of evaluation of AC S.
The AChs were calculated by ignoring the smooth protrusions B'BC appearing in
the Cp=f(T) curves (see Fig.2) and measuring the distance of the intersection
A of the tangents AA' of the glassy curve and AB of the transition curve from
the horizontal tangent CC' of the rubbery part of the curve AC =f(T).

In order now to define the radius rij of the layer corresponding to the
mesophase, we express it as rij=(rg+Ar) and we introduce this value into the
relations expressing the respective volume fractions uj for the particulates,
or the cylindrical inclusions. For particulate composites, which will be used
in the applications of the method, use will be made of the Lipatov formula,
valid for particulates (Liratov, 1977). This relation for particulate
composites takes the form:

i RN I, (13)

Relation (13) yields: ::;iAﬁ
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B = U +E - 1-3 T 1-u (i—A) (14)
f 73 m f

The real constant B depends only on the filler-volume fraction and the
coefficient A. Introducing the values of A derived from relation (12) we can
define the values of Ar; for the various filler-volume contents ug of the
composite.

In order to define the volume-fraction uj of the mesophase for the
particular composite studied in the experimental part of this study, which
was an iron-epoxy particulate, a series of dilatometric measurements were
executed in a differential scanning calorimeter (DSC) over a range of
temperatures including the glass transition of a pure epoxy polymer used as
matrix, and a series of samples of composites containing different amounts
of iron-particles of three different diameters dg=150,300 and 400um.,
varying between u1=5 percent to Ui=25 percent.

The graphs of all the data presented shapes, which were qualitatively
similar to one another. They consisted of two linearly increasing regions
separated by the glass transition zone. While the glassy linear regions
presented a positive and significant slope, the rubbery linear regions were,
all of them, almost horizontal.

The ACjs were calculated by ignoring the smooth protrusions B'BC appearing
in the Cp=f(T) curves, as indicated in Fig.2. The variation of the specific
heat, and its jumps at the region of glass-transition temperatures Tg.,
versus temperature was plotted for an iron-epoxy particulate with dg=400um
and for various ug¢s in Fig.3. Then, by measuring the distance of the
intersection A of the tangents AA' of the glassy curve and AB of the
transition curve from the horizontal tangent CC' of the rubbery part of the
curve ACp=f(T), the values of ACbs for the different composites are found
and they are included,among others, in Table 1.

Fig.4 presents the variation of the differences, Arj, of the radii of the

mesophases and inclusions, (Arj=(rj-r¢)), versus the filler-volume content

u¢ for the three different types of iron-epoxy particulates with diameters

?f ;i]]ers d¢=150,300 and 400um, as they have been derived from relation
13).

Fig.5 presents the variation of the heat-cavacity jumps, ACS, at the
respective glass-transition temperatures of the particulates, versus the
filler volume content ug, for the three different diameters of the fillers
(d¢=150,300 and 400um). In the same figure the variation of the coefficient
A and the volume fractions for the mesophase and the matrix, versus uf were
plotted, as they have been derived from relation (14). It is apparent from
these graphs, that the mesophase-volume content uj for the three different
diameters of inclusions were varied only insignificantly and, therefore,
they may be assumed as independent of the diameters of the fillers,

It may be concluded from Fig.5 that the variation of the heat-capacity-jump
curves are smoothly decreasing curves, as the filler-volume content is
increased. This behaviour is logical, since addition of iron particles makes
the composite more rigid (Liratov, 1977).

It is also intresting noting that, for various diameters of the fillers,
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Fig.3. The variation of heat capacity, Cps of iron-epoxy .

particulates plotted against temperature, for four
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mesophases and inclusions (Ar=(ri-rf)), versus the
inclusion volume content uf for three different

diameters of inclusions of iron-epoxy particulates. *'q
100 e 100 ¥
o dy =150 um N
x d,=300 um . .‘..:#
& d, =400 um \.
K.:ﬁun ‘ ]
5N R 175 SRR
t K | Rl
- i LT
°\o ' -t
— / . o«
2 {ACh=t(yy) , S
s0— - A A {so ]
35 !
- i
D »
25— -- i" _v;=fly,). 125
A=fly,)
| vy 835v)
0 L : 0
0 10 20 30
v (%) —»

Fig.5. The variation of the specific heat jumps at glass-
transition temperature of iron-epoxy particulate
composites, versus the filler volume content us. The
values for the factor A, the mesophase-(uj)-, and the
matrix (um) -volume fract1ons versus Uf, as der1ved
from the values of the respective AC's are also
plotted. P

the ACf=f(uf)-curves differ only slightly, with the respective curves for
different filler-diameters, mutually intertwining.This fact indicates that

the size of diameter of the filler plays only a secondary role on the RN

influence of the heat-capacity jumps, which are primarily influenced by the L

filler-volume content. A similar behaviour is expected for the variation ;o e

of the coefficient A, as indeed it is indicated in Fig.5. = 7!!

It is worthwhile indicating that the values for ujs fitted excellently a Qe

third degree curve expressed by: e
3

u; = Cug (15)

where the constant C was evaluated experimentally to be equal to C=3.5.

The values of uis, together with the respective values for E;s, were
introduced in the respective models and gave excellent coincidence with
their experimental values, based on the cubic relation between v; and ug.
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The values of the characteristic quantities for the three-term unfolding
model, as derived by this procedure, were included in Table 1.

The Three-Term and Two-Term Versions of the Unfolding Models

In order to make compatible the variation of the E;(r)-modulus with its
neighbour phases, this modulus should be expressed by three terms, that is
a constant one and equal to the Ep-modulus and two variable terms depending
on the moduli of the filler, Ef, and the matrix, E,, respectively.

The two variable terms should yield very abrupt variations in the E;j(r)-

modulus, since the generally large differences between the moduli of the

inclusions and the matrix must be accomodated in very thin layers of the

mesophases. The appropriate functions for such steep variations are power
functions of r with large negative exponents. Then, the Ei(r)-modulus may
be expressed by:

rlnl r.\n
Eo(r) = E + f<r.\ £ ( f) 2 (16)

Expression (16) may be interpreted by the fact that the variable E;(r)-
modulus, which connects two phases with highly different mechan1ca]

properties and elastic moduli, must interconnect and span these differences.

Indeed, for hard-core composites it is valid that E¢>>Ep, whereas for
rubber reinforcements we have the opposite relation Ey>>E¢. However, never
happens that E#~E

If we assume that the longitudinal displacements along each of the three
phases (filler-mesophase-matrix) are, in an average, equal and if we
neglect transversal effects we can reason that, since longitudinal
displacements and strains are equal, the stresses developed in these phases
should be proportional tc their respective moduli. It has been established
that, for singular regions in elastic stress fields, sinqular distributions
may be approximated by negative powers of the radial distances from the
singular points. Then, it is reasonable to accept in this case also as
appropriate functions, expressing the transfer of moduli from fillers to
matrix, forms described by the terms of relation (16).

The second right-hand term in Eq.(16) expresses the contribution of the
Ef-modulus to the variation of Ej (r)-modulus, whereas the third right-hand

term defines the counterbalanc1no contribution of the Ep-modulus, to
correct the contribution of the E¢-modulus, and insert the influence of
the matrix to the outer layers of the mesophase-layer.

From the compatibility conditions for the moduli at the filler-mesophase
and mesophase-matrix boundaries, it may be derived that for rere we have:

E;(re) = E¢ (17)

which indicates the automatic satisfaction of the boundary condition for
this interface, and similarly, for rr; we have:

n n
Ei(r) = E +E ALY (" f) 2.

it fir 1, m! \"';

which yields:
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(n, nz) = Si,og\E /.zog\r ) (18)
m f/
Putting:
20g(EL/E )
- f m (19)
. Qog(ri/rfs
[~
c we have:
§ ny = (ny+A) (20)

where A is a rral constant, depending on the ratio of the moduli of the two
phases and the ratio of the radii of the fiber and the interphase. This
constant is called the adhesion parameter of the model.

As soon as the radius of the extent of mesophase is defined, the parameter
A is immediately defined and fixes the constant difference between the
exponents n, and Noe

Higher values of A indicate better adhesion for a particular composite,
because they imply small differences in the values of ry and r¢. For hard-
core materials, where E¢>>Ey, the radius r; must be always larger than r¢,
and Ef>>Ep, therefore the lTogarithm of the ratio rj/r¢ is a positive numger
and since L0g(Ef/En)>0 the values of A are always positive. This means for
a hard-core composite it is always valid that n{>np. On the contrary, for
rubber-core composites 20g(Ef/Ey,) is also negative and therefore it is
valid that ny<n,.
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Since the third term of the right-hand side of Eq.(16) takes care or the
influence of the matrix modulus Ey to the variation of Ej{(r)-modulus and
A since always for strong-core composites this contribution is secondary,
o relation (16) may be somehow relaxed by assuming that this third term varies
- 1inearly with the radius r along the mesophase. This means, in other words,
that the exponent n, may be assumed equal to unity, without loosing
generality, and imposing to the first right-hand side term to take care of

- the totality of the change of slope of the Ei(r)-modulus.
- Then, relation (16) may be written as follows:
= renen re2m (rerg)
=g (-f g f f

f' Ei(r) Ef(v*) +iEm Ef\ri) } (rj-rfi (21)
It is easy to show that the boundary conditions for this equation are f?i;ﬁ
automatically satisfied. Indeed, for r=r¢ we have the second right-hand Y
term of E£q,(21) equal to zero and the first term equal to the Egf-modulus. ]

Moreover, for r=rj equation (21) yields automatically Ej(r)=Ey and this
satisfies the exterior boundary condition. R

Relation (21) has the advantage to contain only one unknown exponent and
therefore simplifies considerably the evaluation of the unknown quantities
in the definition of the variable E;(r)-modulus. Then, in this two-term

unfolding model remains to define this exponent 2n, since all other
quantities and especially the ri-radius are either given, or evaluated from
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the thermodynamic equilibrium relations.

In this model the Zn-exponent is the characteristic parameter defining the
quality of adhesion and therefore it may be called the adhesion
coefficient. This exponent depends solely on the ratios of the main-phase
moduli (Ef/E ), as well as on the ratio of the radii of the filler and the
mesophase.

Evaluation of the Adhesion Exponents n.,n, and n of the Unfolding
Models 1’72

As soon as the Aris were determined and the values of ris are found, the
values of the adheszon parameter A may be readily defined by using re]at10n
(19). For the evaluation of the exponents ny and n, in the three-term model
it is necessary to dispose one more equation. This equation is derived from
the values of the modulus of the composite which may be measured
experimentally. In the case of particulates use then should be made of
relation (1),

However since relation (1) is a comp]icated expression for the comp]iances
of the composite and its phases in which is difficult and time consuming

to introduce the variable modulus or compliance of the mesophase E;(r),use
js made of the notion of the average value of the modulus of the mesophase,
Ea( ), which is expressed by:

a /f\ {f\
Ej(r) = ErEei ) Eniv) (22)
for the three-term model and by a similar expression for the two-term
model. Then, as soon as this value is derived from relation (1) valid for

particulates the mode of variation of these modulus inside the mesophase
may be derived from relation:

n
(&\ 2} 2 (23)

2 -
(rf\, n} T ) 2 (24)

for the two-term model.

Both above relations, integrated in the interval between r=re and r=ris
yield respectively:

M0 L

E - E 2

Eu; = Eup ¢ £F e\ T L - n’f 1-B<3 ) (25)
Falt
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and:

2n

v CLIR
a Yt o3y g 1/3,0-2/3 oo-1 y
3 A1 En-EfB /,{1—8 +B —38} (26) i
1
Relation (25) uses the value of E?, derived from Eq.(1), and it constitutes o
one equation interrelating the two unknown exponents ny and np. Then, ““f!!
relations (19) and (25) form a system of two equations and two unknowns, o
which can be solved, and yields the values of the exponents Ny and ny and ;

their difference A, which expresses the quality of adhesion and it is called
the adhesion coefficient. The values of the exponents ny and np, as well as S
of their difference are given in Table 1 and plotted in Fig.6 gor the iron- -
epoxy particulate composites. : {

(S AN A e T
° . M e .'ll P ' 3y : l'.
‘. . B A . . — v
o A L P Y P oot

@ 200 |
:f Eitr)=E +E (1, Iy -E tr e '
4 U, 2025 f A
d : M
- 150 =T mp =12 , B _::
5 100t— S
= E, o
T - o
J 5 Ty
o E tr, fr)™ sl
S S0 — o -y
g L
A )
T Eatt, i)™ R -3
S \ -,Aks,
- % 10 20 30 0 S0 S
Aratitm —o» s ~'_"
. . . g
Fig.6. The mode of evolution of the variable terms L¢(v¢/r)
® and Em(rf/r)nz, contributing to the defirition of the
' mesophase modulus, versuys the polar distance from the
filler boundary for a 25' irop-epaxy particulate
composite.
.y N . ”] "]? .
R Fig.7 presents the variation of the terms te(ry/r} " and bplrer) in the
97 mesophase layer for a 25 percent iron-epoxy particulate, as thev have been

derived from Eq.(22). It is worthwhile indicating the smooth transition of ;;;l’.‘
the Ej-modulus to the Em-modulus at the reqion rr;. Similar behaviours o
present all other compositions. S

It is interesting plotting the variation ot the t;(r)-modulus, versus polar
o distance around a typical filler. Fig.8 presents this transition of the ' |
: moduli from the fibers to the matrices, exemplifying the important role
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played by the mesophase layer to the overall mechanical behaviour of the
composite.
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Fig.7. The variation of the adhesion parameter A for the
three-term unfolding model, and the adhesion
coefficient 2n for the two-term model, versus the
filler volume fraction Ug-

Fig.9 presents the variation of the various moduli of the composite and
its constituents for various volume fractions of the series of iron-epoxy
particulates. It is of interest to point out the small variation of the
average value of the variable Ei(r)-modulus of the mesophase, which J
reflects the uniformity of the adhesion quality of these series of TN
composites, which is also indicated by the almost linear variation of the -
longitudinal composite modulus, versus the filler-volume content.

For the case of the two-term unfolding model use should be made of Eq.(26) R
instead of Eq.(25). Then, the system of equations (1) and (26) yields the
values of the exponent 2n and the radius r; of the mesophase. Fig.6
contains also the plot of the adhesion coe}ficient 2n, versus filler volume
fraction for all iron-epoxy particulates studied.

It is worth mentioning here that the three 2n=f(Uf) curves for the three Lo
different diameters of the fillers are almost coincident. Furthermore, ]q
there is an equivalence between the mode of variation of the two adhesion ]
coef{icients A and 2n corresponding to the two versions of the unfolding
model.

Fig.10 presents the variation of the interphase moduli Ei(r) for the
various inclusion-volume fractions, versus the extent of the interphase
Ar, normalized to the highest inclusion-volume fraction of 25 percent.
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Fig.8. The variation of the moduli of the particulate
composite,E¢c, versus the filler-volume fraction, ugf,
and the mode of variation of the average mesophase
modulus, E‘;?, as derived from the models.
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distance r for different filler-volume contents Ug
for the three-term unfolding model.
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Fig.10. The variation of the mesophase moduli, normalized
to the mesophase thickenss Ar for the 25 percent ]
filler-volume content composite versus polar |
distance r for the two-term unfolding model. T
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This was done in order to show the similarity of variation of the Ej-modulus
for the various values of uf for this series of composites, possessing the
same adhesion properties between them. These normalized patterns are
equivalent with those presented in Fig.9 for the three-term unfolding model,
since the differences between corresponding values of the two versions of
the model are insignificant.

Conclusions

The theoretical models describing the physical and mechanical properties of
composites consider the surfaces of the inclusions as perfect mathematical
surfaces. Thus, the transition of the mechanical properties from the one
phase to the other is done by jumps in the characteristic properties of
either phase. This fact introduces high shear straining at the boundaries.

In order to alleviate this singular and unrealistic situation two versions
of a model were presented, in which a third pseudo-phase was considered, as

developed along a thin boundary layer between phases during the ‘.3
polymerization of the matrix, and whose properties depend on the individual :
properties of the phases and the quality of adhesion between them,

@

The two versions of this unfolding model consider that the mesophase layer
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possesses varying physical and mechanical properties, assuring a smooth
transition from the properties of the fillers to the properties of the
matrix. In this manner a progressive change of the mechanical properties
from the filler to the matrix is achieved in a very short distance,
corresponding to the thickness of this boundary layer.

By using Lipatov's theory, interrelating the abrupt jumps in the specific
heat of composites at their respective glass transition temperatures with
the values of the extents of these boundary layers, the thickness of the
mesophase was accurately calculated.

Assuming in the one version of the model a three-term representation of the
unfolding value for the elastic modulus of the interphase, where each
variable term is expressed as a negative power function of the polar
distance from the inclusion, the variation of the elastic modulus of the
mesophase was accurately determined.

The second version of the unfolding model uses, instead of three, two
terms, one of which is a negative power function of the polar distance,
acting upon the inclusion modulus, and the other-one, acting upon the
matrix modulus, is expressed as a linear function of r.

Both versions of the unfolding model gave satisfactory results for the
evaluation of the variation of modulus of mesophase, with the second one
(the two-term model) yielding always more stable results.

The difference in the exponents n, and n, in the three-term model and the
exponent 2n in the two-term model, gave d& measure of the quality of
adhesion between phases and they may be considered as adhesion
coefficients, since higher values of these coefficients characterize a
better adhesion, whereas, as these values are diminished, the adhesion
becomes less and less effective.

Both types of the unfolding model describe satisfactorily the state of
transition of the mechanical and physical properties of the composites from

its fillers to the matrix, with the two-term version yielding more stable
and, therefore, more reliable results than the three-term model.
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Discussion of Session 1

Direct observations of wavefront dislocations have been made for wultrasound,
for example in two experiments by D R Andrews and in an independent experiment
by G J Hardy. All three experiments make use of a light-emitting diode as a
stroboscopic light source (Andrews and Wallis, 1977), in a schlieren system by
Andrews (1983) and in a photoelastic system by Hardy et al (1978).

Figure 1 is a schlieren image (Andrews, 1983) of a pulse of approximately 15
wavefronts of compressional ultrasonic waves that have been reflected by the
curved boundary seen at the bottom of the photograph. This image bears direct
comparison with Wright and Nye’s (1982) Figure 13 (larger scale) which is
reproduced here as Figure 2. In Figure 3, Figure 1 is reprinted with 3 non-
circular loops sketched on it to draw attention to the extents of the three
regions of strong contrast at waves. These regions, or lobes, correspond to
the amplitude "hills" in Figure 2; 1in the photograph, each hill is traversed
by some 5-10 bright contrast waves. The cusp also sketched in Figure 3 is the
cusp caustic shown as a dot-dash line in Figure 2. The two dots in Figure 3
identify the dislocations corresponding to the two lowest filled circles in
Figure 2. The spatial structure of these dislocations 1is sketched in Figure 4
and 1is asymmetric. This asymmetry can be explained by a 2-beam model (see
Figure 2 of Wright and Nye (1982)) in which are superposed two envelopes with
a delay time. Referring to Figure 5, subtracting envelope B from envelope A
(destructive interference) gives C which 1s very bright and short in front,

and long and weak behind.

Figure 6 1s also a schlieren image (Andrews, 1983) this time of waves
scattered by a cylindrical object. The occurrence of a dislocation |is

indicated by an arrow.

The above are examples of dislocations generated in the visualising medium. If
wavefront dislocations are to be fully exploited in order to obtain the
microstructural information which they carry, it is necessary that they be
visualized, or otherwise detected and recorded, outside the medium in which
they are formed. One method by which direct visualization has been achieved

(Hardy et al, 1978) is to transmit the pulse of ultrasound from the solid of

e
L

..A. e A 4‘;4_‘_44.




Figure 1. Schlieren image of a

(

Q’

pulse of ultrasound reflected by a

|

Vit

curved boundary

T

Figure 2. Amplitude contours of
the cusp diffraction catastrophe.
The 1locl of frequency minima & .
(thick solid 1lines) 1link the c.w. - ‘i
nulls (filled circles) and contain RS
the approximate pulse dislocation S

trajectories for small bandwidth.

RN

The loci of frequency maxima
(thick broken lines) approximately
link the spatial maxima. The cusp
caustic 1s shown as a dot-dash
line
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Figure 3. Same as Figure 1 (see

text)
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Figure 4. Spatial structure of

. —-—__-_--h\\\\\____________ the wavefront dislocations seen in S
Figure 3 -
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Figure 5. 2-beam explanation for

N the asymmetry of the dislocations
r- in Figure 3

Figure 6. Schlieren 1image of
dislocations assocliated with

scattering by a cylindrical object
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interest and into an adjacent block of annealed glass where, by using f'f'u
stroboscopic illumination, it <can be seen by virtue of {ts assoclated T
photoelasticity. Figure 7 is an image obtained by passing a 2 MHz pulse of 7 ,,?
wavefronts through a block of steel containing a 1 mm radius hole (arrowed). '

The consequent wavefront dislocation structure is clearly resolved in the

upper part of the photograph.

Figure 7. Photoelastic image 1in
glass of dislocations in a pulse
of ultrasound which has been
scattered by a circular hole in an

adjacent block of steel

The radius of the defect detected in Figure 7 is similar in magnitude to the

wavelength of the radiation used and this led to discussion of exactly what

radiations might be best suited for exploitation of wavefront dislocations as
a tool for NDE. Assuming that objects cannot be detected if they are smaller

P

than the wavelength of the radiation used to detect them then, for polymers,
® microwaves might be an ideal radiation for defects of the order of lcm in size

and infra-red radiation for defects smaller than this.
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CONTRIBUTION OF NEUTRON SCATTERING TO THE DETERMINATION OF CHAIN TRAJECTORY
IN SEMI-CRYSTALLINE ISOTACTIC POLYSTYRENE.

J.M. Guenet.
Centre de Recherches sur les Macromolécules, CNRS, 6, rue Boussingault,
67083 Strasbourg, Cédex France.

ABSTRACT : The chain trajectory in semi-crystalline polymers is a topical
subject. One way of determining it directly is to use the neutron scatte-
ring technique. In this paper, after a short description of this technique,
the results obtained on semi-crystalline isotactic polystyrene are given.
They show that the trajectory is mainly governed by the competition between
crystals growth rate and chain mobility in the original melt.

INTRODUCTION.

Since the end of the fifties where the lamellar character of the struc
tures in crystalline polymers!'has been recognized and the chain folding
concept’ put forward, scientists working in this field of polymer science
have been steadily concerned with the trajectory of a chain once crystalli-
zation has been achieved. As at the time there was no way of determining it
directly from the available experimental techniques, the scientific commu-
nity soon divided into two schools each propounding its own model.Schemati-
cally speaking, on one hand was standing the switch-board model which was
reminiscent of the gaussian character of the chain in the molten state and
to some extent an up—to—date adaptation of the fringed-micelle model to re-
quirements imposed by the existence of lamellae. On the other hand, was
standing the model of adjacent reentry along an hkO plane which conveyed the
idea of regularity in crystalline polymers. While morphological evidence
rather supported the second type of model especially in single crystals
grown from dilute solutions, no definite answer could be provided.

In the early seventies, the successful investigations of chain statis-
tics in bulk amorphous polymer by neutron scattering nourished great hopes
for elucidating the chain trajectory in crystallizable polymers and thus
for definitively settling a twenty-years-old dispute. The principle of the
technique is at first sight quite appropriate for answering the question.
By mixing some deuterium—labelled chains in an hydrogenated matrix, one
should be able to easily determine their conformation in the semi-crystal-
line state. Unfortunately, polyethylene which was the first polymer studied’
proved to be virtually inadequate on account of the fact that in the course
of crystallization isotopic seggregation takes place.

In spite of this major impediment to a thorough study some virtually
unsmeared results were gained on quickly quenched samples which showed an
absence of variation of chain dimension after crystallization:This parti-
cular point was soon interpretated differently and thus revived with re-
newed vigour the controversy.

Alternatively, some polymers such as isotactic polystyrene® (iPS) or
isotactic polypropylene (iPP)%were fortunately found free of seggregation
phenomenon between protonated and deuterated species after cyrstallization.
As a result more extensive studies have been performed on these polymers.
In this paper, after a short description of the neutron scattering techni-
que, results gathered on isotactic polystyrene in the semi-crystalline
state are reported.

PRINCIPLE OF NEUTRON SCATTERING EXPERIMENTS.
The use of neutron scattering to study chain trajectories, with parti-
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tular emphasis on bulk samples, relies upon the large difference of inter-
action of a neutron with hydrogenated or deuterated matter.

Whereas, chemically speak1ng, there is virtually no difference between
protonated and deuterated species, their neutronic contrast b is quite un-
like § bny=-9334 , b=+ 0.63) « In addition, protonated chains scatter
neutrons mainly in an incoherent manner as opposed to deuterated chains.
Accordingly, these essential differences enable to '"visualize" by small
angle neutron scattering deuterated chains imbedded in a protonated matrix.

I) Theoretical.
1. Intensity scattered by a mixture of protonated and deuterated
chains.
The intensity scattered by a blend of protonated and deuterated chains
generally reads :

$lo) = {8y Ban) S2a) +(Fha ) 53 g 42T BB B S lq)» BByl e Mool (1)
where N, %, and Ny, Z,are respectively the number and the polymerization
degree of the protonated and deuterated chains,®p,%u,Swmare the mean ave-
rage scattering lengths of a deuterated chain, a protonated chain and of
their blend. Finally, taet  and atec o are the incoherent cross—section
with obvious meanlng for the subscripts. The diffusion functions S‘;\"(c‘)
sa> loy) and Sno(q) read :

vpNo &y
SSACIE {ﬁﬁﬁ <exp £ (3= F)7= No 25 R (g} ¥NLTp Roolq)  (2)
S:\(c\‘: NH %H PH(‘\)"' Nf-‘ ?:Q{.\ RHH\‘\) (3)
S:;‘(q): Ny 24 Np 25 Ruolq) (4)

where P(,‘) is the form factor of a molecule and WRlq) the Fourier trans-
form of the radial distribution function.

By introducing Zw=Mwn/M,, and 25= Me /M,y where M is the chain molecu-
lar weight and M, the monomer molecular weight and also Nu= CHN»/MH and
Noz= CoNa/MpWhere C is the concentration of the species in g/cm3, one ends
p with :

ST \q\ -(o.-qn) [CONQ Mo %\q)+c:;?u Roglc\\]ﬁ-(oh e [.Cn Na m,, ?"(q)q-C“N! R\"H(ﬁ]*‘uﬂo‘ﬁm)h “.\\C‘NCDN RHo(ﬁ)

Two cases are now to be considered : MonMeo

i) Protonated and deuterated species are identical (same molecular
weight and same conformation) and their solid solution is homogeneous.

i1) Protonated and deuterated chains have different molecular weight
and as previously their mixture is homogeneous.
11

In the first case, the following relations can be written down :
molecular weight identity : My = Mo and P..,(ﬁ) = Rlq) (6)
homogeneity : Ronlq) = Runlg) = Rumlq) @)
The mean scattering length of the blend then reads
&en = cpdyp + (A~ p)a,
S“‘(}“eventually reads
S““HVP%% xp (A-3p) (Gp-an)® Plg) (8

Relation (8) shows that S“"‘l.\)is at a maximum for %p:0.-5, However, the pous+
sible presence of microvoids or heterogeneitics (crystalline polymers are
heterogeneous in nature) has been so far overlooked. These heterogeneities
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lead to density fluctuations hence a parasitic coherent signal enhanced by
increasing the amount of deuterated species.In addition, it happens to be
quite difficult,even impossible, to prepare samples of crystallizable poly-
mers having rigourously the same molecular weight and the same molecular
weight distribution. As a result, it seems more realistic to work with
samples containing only a few amount of deuterated species (say 1 to 2 %)to
avoid the afore-mentioned problems.

Under these conditions, Slq) becomes :
2

S(c\): Co zgl_ﬂg(ao_awf’ Po(q) + hn E;%_"_’L QAinc, W 9
H
where the followingogpproximations have been made :

'A—x—\) ~ A4 J a—m'-:- .Q—-H ) C‘:«:’: lfnc“;-\l-;D =0
2. Analysis of the scattering intensity.

The intensity found experimentally is the Fourier transform of the
conformation investigated. Instead of taking the inverse Fourier transform
to determine the conformation, a method which might prove very tedious in
the end, it is more convenient to examine the scattered intensity in dif-
ferent domains of scattering vectors (or more precisely transfer momentum).
Usually two domains are considered :

i) The Guinier range where q“5<4., R}being the radius of gyration of
the chain.

ii) The intermediate range where qQ37<L .
In the Guinier range, the intensity reduces to :

T~ Mw (4= 3% (t0)

By plotting X “lk)as function of q‘,both the radius of gyration and
the molecular weight can be measured. Consequently, determining the varia-
tion of with molecular weight brings useful information on the chain
conformation.

In the intermediate range, the intensity takes the form :
Tlq) ~ q " ()
where n is a exponent dependingon the conformation which is however not

univoque. For instance, a gaussian conformation and a thin sheet both give
an exponent nz« in spite of their unlikeness.

I1I)Experimental.

If, theoretically, neutron scattering seems to be simple, experimen-
tally some problems have to be solved so as to obtain the true intensity
scattered by the label species. The case of isotopic seggregation will be
ignoredhere. Unless the degree of seggregation is known by a separate method
it is impossible to get correct results under these circumstances.

The main constraint in a neutron scattering experiment is to remove
the incoherent background arising from the protonated chains which should
be flat (no angular dependence). Normally, this is done by measuring the
intensity scattered by a sample containing the same number of protons by
unit volume. For instance, pure water could do the trick. However as shown
on Fig.l, this background is far from being flat. Anupturn at small angle is
vigsible which comes from the residual coherent scattering due to inhomoge-
neities. Fig.] shows that as the size of these inhomogeneities is increased
the upturn becomes more prominent. (Note that a crystalline sample is inho-
mogeneous since there is an alternation of amorphous and crystalline domaire
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Figure 1.

that have different densitiesh As a consequence, to obtain correct results,
one has to remove a background measured on a blank sample prepared under
the same conditions that is, in the case of crystalline polymers, crystal-
lized at the same temperature for the same time.

Another problem consists of determining the absolute intensity, chie-
fly to measure the molecular weight so as to check that isotopic segrega-
tion is absent. This is usually achieved by dividing the intensity scatte-
red by the sample once the incoherent background is substracted by the in-
sity scattered by protonated water. The noEPalized intensitnyJﬁthen reads:

Talg)z lna S2iath [SeSal g (q) (12) vhere d
is the thickness of the water sample and T its transmission. Through this
technique one can measure intensities within 307 to 50%. The discrepancy
stems from the fact that inelastic scattering takes also place which is not
accounted for by the above relation and is difficult to estimate. In our
experiments, we preferred in addition to water normalization to use a refe-—
rence sample containing the same labeled chains but imbedded in an atactic
polystyrene matrix wherein no seggregation occurs whatsoever . This sam-
ples enables to determine the true value of I(0) and then to renormalize
again the experiments.

EXPERIMENTAL RESULTS ON SEMI~CRYSTALLINE SAMPLES.

1. Samples preparation.

Protonated and deuterated isotactic polystyrenes have been synthetized
according to the Natta!? method. Particular care has been taken with the
deuterated material to fractionate it so as to obtain fractions whose poly—
dispersity is lower than 1.2. Blends of H and D polymers have been obtained
by dissolving them together in boiling chlorobenzene then coprecipitating
in methanol. H-matrices of different molecular weight were used. Bulk crys=
tallized samples have been prepared in two steps. The mixture has been
moulded at 250°C then quenched in iced-water in order to obtain amorphous
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N samples. Finally these samples have been annealed for various times at the :
" desired temperature T  to achieve crystallization. (In these experiments

E T = 140,185,200,220°8). Single crystals have been grown from dilute solu-

tions in dibutyl phthalate at 130°C through the use of th self-seeding
technique.

2. Neutron scattering set-up.

Neutron scattering experiments have been carried out at the "Institut
Laue-Langevin” in Grenoble (France). Two devices have been employed D11
(5 1073<q < 1072) and D17 (107%2<q < 7 107}) allowing to investigate the
Guinier and the intermediate domains. A rotating monochromator providing a
width at half-height®h_97 was used.

3. Results. »

All the results presented here have been interpreted with four basic
models : the sheet-like model arising from incorporation of a chain along
an hkO plane, the ACA model made up with a long sheet and two amorphous
wings (Fig.2a), the "garland" model composed of very short crystalline se-
quences alterning with short amorphous sequences (Fig.2b) and the "central'
core" model which is an intermediate between the latter ones (Fig.3).
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Figure 2. Figure 3.

In the following,results are given for the different crystallization
temperatures. Here only a brief summary of the results is reported. Detai-
led information will be found in references , 8 and 13 to 17.

a) Tc = 185°C.

Two matrix molecular weights have been employed. For M .= 4 10°, an
increase of the radius of gyration Rg has been observed (see Fig.4). (Note
the invariance of I~1(0) which 1is proportional to M ). The variation of
Rg with molecular weight of the labelled species gives Rg ~ M0*78 for X, =
30%. These results are consistent with the ACA model. Data in the interme-
diate range are in agreement with this model as well (Fig.5). Conversely
by increasing the molecular weight of the matrix (M =1.7 105) (hence aug-
menting the viscosity in the molten state) Rg does not vary by increasing
the crystallinity and Rg“M®:%is found as opposed to previously. A "Garland"
model is appropriate in this case to account for the results. Data in the
intermediate range (Fig.5) although giving a g 2 behavior for both samples
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have different shapes and therefore support the results in the Guinier
range and the existence of two types of models.

b) T. = 200°C.

At tﬁls crystall1zat10n temperature for a matrix molecular weight

=8 105 ,Rg varies like M%:78 ag previously, a result consistent with the
A model. Intermediate behavior of the form factor is also in agreement
with this model.

c) T = 140°C.

As with samples crystalllzed at 185°C, two matrices have been used. In
the middle molecular weight matrix (M =4.2 10° , sample C-140-HM1), Reg
varles like M°' , a result accounted for by considering in that case a

"central core" model. With the h1gh molecular weight matrix (M =1.7 108 .
sample C-140-HM3), Rg varies like M0:5 which is consistent with the
"Garland" model. Results in the intermediate range (Fig.6) clearly show
two types of behaviour consistent with the models deduced from the varia-
tion of dimensions with the molecular weight of the labeled species.

d) Solution grown crystals (T = 130°C).

Certainly the most interesting and decisive results have been obtained
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on single crystals. The variation of Rg with molecular weight gives an expo- e
nent v = 0.91 (Fig.7) which indicates that the chain foldg along the 330 R
plane with an average distance between stems of about 13 A. Data gained at
larger angles confirm this 1nterpretat10n. As a matter of fact two types of
behaviour appear (Fig.8) for q<q*(q%23%?) I(q) = q"land for q>q* I(q)"q~2
Examining the form fact:or of a sheet with length L. and width 1 _ :

. o c
p@) =g [Fa (7 Btac)s 2 (3700 Zeate | 0y

o | —
two regimes are expected : ate e ("\""').l

for qL_ > 1 and ql < I P(q) ~ q7 !
for qL, > and q1_ > | P(q) ~ q 2

Therefore the results both in the Guinier and the intermediate ranges
are definitely consistent with a sheet which irremediably leads to the dis-
missal of the switch-board model.
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Plot of log R, vs. log M,: (m) Tagged chains in single
crystal, (o) amorphous sample molded at 250 °C (previous results
available in ref 14). The dotted line stands for theoretical var-
iations derived from relation 5 with (J?)V/2 = 12.6 A
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e) Bulk-crystallization at T_ = 220°C.

Although crystallization is achieved in the bulk, hexagonal crystals
as in dilute solution grow under these conditions. Thermal analysis reveal
however a residual content of amorphous chains indegendent of the crystals.
Taking this into account, SANS results giving R ~ MC:78 are consistent with
a sheet-like conformation as in crystal grown ffom dilute solution. Data of
Fig.9 show the similarities of the intensities scattered in the intermedi-
ate range for both type of crystals. As a consequence, regular folding in
one lamella. is not the prerogative of crystals formed in dilute solutions.
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(a) Kratky representation of the reduced intensity in
the intermediate range (¢g2I(q)/Cp vs. q). Circles stand for the
220 °C crystallized samples, where M (IPSD) = 5 X 10® (opened
circles stand for the highest angles on D11). Black squares stand
for M_(IPSD) = 5 X% 10°% in APSH matrix molded at 220 °C. For
clarification of the figure the upper curve has been shifted upward
by a factor of 1.1. (b) Same representation as Figure 5a. Circles
stand for solution-grown single crystals with M (IPSD) = 5 X 10°.
Squares stand for 220 °C crystallized sample with M, =7 X 105
The upper curve has been shifted upward by a factor of 1.1 to
clarify the figure (opened circles and squares stand for highest
angle on DI11).

Figure 9.
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4. Consistency of the SANS results.

If these results might appear as interesting, they however need be
confirmed or at least get support. One way of testing the validity of the
interpretation given h §e is to look into viscoelastic properties. A crite-
rion proposed by Flory can be invoked in that respect. It consists of com-
paring the long relaxation time 1_ of a molecule in the melt to the envelop-
ment time 1, which is defined as the time needed by the crystalline growth
front to overlap the molecule (Te v~ Rg/G, G being the radial growth rate).
If 1 < 1_ the chain has time to rearrange so as to fold in a regular way.
Conversely, if t_ > t_, only small portions of the chain have time to rea-
rrange leading to an irregular folding ("Garland" model for instance). Ap-
plying this criterion t giPS (t_ have been obtained from long relation time
of actactic polystyrene) one is led to :

T, = 185°C matrix with M, = 4.2 10%> = To (ACA)
" with M, = 1.7 108 T > Te (Garland)
T, = 200°C " with M = 8 10° T = T (ACA)
T, = 140°C " with M, = 4,2 10° T O Te (Central core)
" with Mw = 1.7 10° Tn15> g (Garland)
T, = 220°C T << T (Sheet~1like)
Solution grown T << Te (Sheet-like)

These comparisons support both the neutron scattering results and their
interpretation. From this, it can be safely concluded that chain mobility
with respect to crystal growth rate determinesthe chain trajectory. The
higher the "mobility", the more regular the chain-folding.

CONCLUSION.

Small angle neutron scattering happens to be a powerful tool for inves-
tigating polymer conformation in bulk-samples provided that isotopic segre-
gation does not take place. In the case of iPS, the technique has enabled a
successful determination of the chain trajectory in a crystalline medium.
From this investigation we have been able to show that the competition
between the crystal growth rate and the chain mobility in the surrounding
melt monitors the final conformation in crystals.
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MOLECULAR EXTENSION AND ORIENTATION IN A CRYSTALLINE POLYMER
D. M. Sadler

Institut Laue-Langevin,
BP 156X-38042, Greunoble Cedex, France

Abstract

This paper is centred on the capability offered by neutron scattering and
isotope 1labelling to obtain directly the degree of molecular extension.
The method has been successfully applied to a crystalline polymer
(polyethylene). Two systems have been selected as extreme cases: viz
stretched crystalline material where the molecules both extend and align,
and solution grown crystals where, although the chains are again oriented,
the molecule 1s restricted in length to the thickness of the lamellar
crystallite.

Introduction

In crystalline polymers, chain extension has often been inferred from
orientation, since until recently only the latter has been accessible
experimentally. The distinction between the two is illustrated in Figure
1, where two oriented stacks of lamellae are shown schematically (in two
dimensions).
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Figure 1. Schematic two dimensional representations of hypothetical single
chain conformations 1Iin a stack of crystalline lamellae. Broken lines
indicate parts of neighbouring molecules. (a) Each molecule participating
{n only one lamella (b) Each molecule distributed between several
lamellae, giving covalent links between lamellae.
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Individual chains are indicated by the continuous lines, and parts of other
neighbouring molecules by broken ones. In (b) there are links 1involving
covalent main chain bonds between the lamellae, whereas in (a) these are
absent, at least as concerns the molecule "labelled" in these diagrams.
The properties of (a) and (b) should be very different, in particular how
they deform wunder mechanical load. Neutron scattering using 1sotope
labelling 1is enabling, for the first time, molecular extension to be
measured experimentally so as to distinguish (a) from (b).

Neutron scattering has not been used as a method of routine testing, but is
not primarily because of excessive cost. For example, the 1low angle
scattering facility D11 at the Institut Laue Langevin is shared between so
many research groups and projects that each of these probably costs no more
than one requiring substantial use of electron microscopy. DIl can be
hired on a daily basis. Clearly however the logistics involved with an
instrument requiring a reactor and a sample-detector distance of 10m is
very restrictive. Nevertheless, neutron scattering is relevant to the
interpretation of many other techniques, e.g. to assess over what condition
there may be a correlation between chain orientation and extension, and
this is currently the justification of its consideration for NDE.

The neutron scattering method has been developed over about ten years and
has been reviewed elsewhere. Discussion of this basic material will be
mainly restricted to a reminder of the degree of information loss involved
where imaging 1s not possible, and where scattering is used as opposed to
microscopy. The basic equations are very well understood and can be
written iIin terms of a powerful and flexible Fourier transform formalism.
The interference (diffraction) effects in the 1intensity scattered are
obtained by summing scattering contributions over an "assembly” (in the
present case this is an individual molecule, see below):

nI(g) = <Fourier transform (g(r))> (1)
= Fourier transform (<g(r)>) (2)
where nI(g) is the intensity per molecule, 191 = 4m sinB/A where 28 is

the scattering angle and A the wavelength, and g(r) is the (intramolecular)
correlation function. g(r) is most usefully thought of as a histogram of
the number of times a separation vector r occurs between scattering centres
(labelled hydrogen atoms In the present case). It is important to realize
that although g(r) contains less information than in a focussed image,
there 1s often still enough to distinguish physically different models.
For example, 1if the stems, corresponding to the crystalline traverses of
crystal lamellae, are arranged In rows (e.g. adjacently re~entrant folding)
g(r) 1s quite different from models where stems are in two dimensional
¢ lusters (e.g. fully random folding). Hence the ability to distinguish
these two examples is not limited by the lack of imaging lenses.

The averaging 1indicated by <> includes not only different molecules but
different orientations. Averaging over orientations depends on the
"texture" of the sample, e.g. isotroplc or fibre-like, and most of this
paper will be concerned with the latter and the additional {information
which is available as compared with the former.

The reason why the scattering of individual molecules is accessible is best
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z). In this case, “by expanding the complex exponentials in the Fourier ,"'“-

expressed as ‘'partial incoherence”: scattering contributions from

correlations between different molecules cancel 1f deuterium labelled -
molecules are mixed randomly with similar unlabelled ones. This 1s why

neutron scattering is unique in separating g(r) (intramolecular) from g(r)
(intermolecular). For polyethylene isotoﬁg mixing 1s sometimes not

entirely random, and the corresponding intermolecular terms at very low q

limit to some degree the experiments possible.

This paper 1s further restricted to sufficiently small q that only the
overall size of the molecule governs the scattering (the "Guinier" range). T
The size is expressed as R, ( > vwhere z is distance of a D atom from o
the centre of gravity of the mo}ecule along the fibre axis, axis of O
symmetry, z) and R, (= <x > = {y“)> where x and y are at right angles to L

transform: .

1(0)/1(q) = 1 + d2q2 (3) 3 T

where d 1s the analogue of R, and R, along any measurement direction .
For example, R, can be measured direczly if intensity data can be collected e 3
for q along z. . o ?

Two examples will now be given for polyethylene corresponding to 1(a) and P
1(b): solution grown crystals and fibres respectively. SR

ol

Solution Grown Crystals .

Figure 2 shows the model derived a series of experiments not specifically
concerned with orientation (Sadler and Keller, 1977, Sadler and Keller, R
1979, Spells and Sadler, 1984): (a) shows a folded ribbon along the crystal RPN,
growth face which folds back on itself ("superfolding"). (b) shows the
stems in projection down the chains, showing a statistical preference (of
75%) for adjacent re-entry. A method of analysing oriented samples -
(Sadler, 1983) has now been developed which can extract R, values so as to R
test an important feature shown in 2(a): the restriction of molecules to S
single lamellae. o

(a)

Figure 2. Schematic representations of the conformation in solution grown
crystals, based on measurements not specifically concerned with
orientation. (a) Perspective view showing the folded ribbon itself folding
back (b) projected view down the chains.
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The coordinates tor displacements from the centre of gravity of a
molecule can be expressed using polar coordinates |r| and B where B is
the angle between r and the measurement direction q. The dimension

obtained by using plots according to equation (3) depends on distances as
projected on to g.

Hence <r2cos28> = d? is accessible experimentally.

This dependence on coszﬁ recalls the formalism used for optical dichroism.
B depends not only on the molecule, but also on the way the platelet
crystals are held in the diffractometer and the spread of platelet normals
with respect to the symmetry axis of the sample. A concise way to combine
these orientation distributions is to make use of order parameters:

P,(B) = (3<cos?B> - 1)/2 (4)

For convoluting different orientation distributions together, the
corresponding P, are simply multiplicative. The result is a linear
dependence of d? on cosa, where a is the angle between the sample axis and
q, and Figure 3 shows two examples of plots.

I Figure 3. Orientation plot of d2
1 I | (obtained from plots according to
<1 1 equation (3)) versus cos2q where a 1is
2000} the angle between the measurement
direction and sample axis of symmetry.
Molecular weight 90000, crystallization
F I 343K from xylene solution. Upper

Il points: as crystallized, lower points:
heat treated at 396K (dry). The 7
independent measurements come from
dividing the detector into 15 segments.
The error bars are derived assuming I(0)
is independent of «.
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Three technical points are worth mentioning: R_ values are accessible even
though measurements are not possible along z; data from the whole of the
two dimensional detector can be used (cf. using only horizontal and
vertical '"slices" on the detector corresponding to cos?a = 0 and coslq =
0.3); textures with lack of complete orientation are usable. As a result,
data with rather low basic precision can be exploited to the full.

The result is rather simple: for crystals as grown Rz<Rx (lower points in
Figure 3) but after heat treatment involving crystal ¥hickening RZ>R§y
(upper points). In both the cases quoted here the R, agree with the
molecules being in single lamellae, i.e. no interlamellar links as 1in
Figure 1(a). However, when results for a range of heat treatment
temperatures are considered (Figure 4) there are R_ values at intermediate
temperatures greater than implied for restriction to single lamellae (e.g.
for 112°C the average lamellar thickness has only increased slightly above
the initial, 70°C, value). The implication is heterogeneity: the rims of
crystals, probably D rich, thicken at lower temperatures than the centres.
Heterogeneity has been clearly indicated previously. The approximate
constancy of during heat treatment is intriguing and has obvious
implications on the mechanism(s) for changes in molecular conformations.

Deformation Studies

Another type of analysis, applicable in cases of very high anisotropy has
also been developed (Sadler and Barham, 1983). Melt quenched polyethylene
wag stretched in an Instron tensometer to draw ratios in the range 5-10, so
that the samples had tape geometry (i.e. "fibre" axis in the plane of a
sheet sample). Figure 5 shows a contour plot of (difference) intensity as
recorded on the two dimensional counter (64x64 elements, each 10mm square;
here the detector - sample distance was 9.1l4m and the A =8A).

=L

Figure 5. Contour plot of difference 1intensity for stretched polyethylene
(fibre axis vertical, further details given in the text)
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Y Vo Figure 6. Schematic views of initial
/Q‘ conformation prior tuv deformation of

melt quenched crystals, and the
approximate shape of the molecular
envelope assuming molecular
deformation is affine with sample (see
text). ¢ crystal axis is along the
chain.
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The fibre axis z 1s vertical in the diagram and since small q correlates
with large distances, we can see directly that intensities fall quickly
with q along z (i.e. R, is large) but slowly with q along x (i.e. R,
relatively small). For Rx measurements equation (3) 1is used fog
intensities along "x" (horizon¥al in Figure 5). For R, it is not possible
to plot intensity through the origin q_ = q_ = 0 (the centre of Figure 5),
so we use the approximation that holds good for R D> R§ » that a plot
along z at finite qy (e.g. along rectangles in Figure ¥ will give the
appropriate q, dependence. - In this way very high R  values are obtainable.
For three molecular weights, R, decreased approximately as predicted
according to molecular deformation %eing affine with the sample (e.g. for a
molecular weight of 62000 the initial "R value” is 100A whereas the final
R..,, both measured and predicted, was 31A). R_ however increases less (to
SEHA in the example chosen) than for affine deformation (1000A&).

For a second set of experiments, solution grown crystals were drawn at
about 100°C, to draw ratios near x20. In these cases the changes in
dimensions are far less than predicted by affine deformation (e.g. R__=
104&R compared with 11A predicted, and R, 140A compared with 1000A4). Noo
explanations are possible for the dif?erence in molecular deformation
between melt and solution grown crystals. Firstly, if in the original
crystals there are few interlamellar links (Figure 6(a)) the deformation
could move the molecules without unduly distorting them (solution grown
crystal case). 1f, however, there are such links even before deformation
(Figure 6) then as the crystals distort different parts of the molecules
will be pulled apart. Incidentally, the somewhat confused arrangement of
bowed crystals shown in Figure 6 is taken from a micrograph of a melt
quenched sample, and should be contrasted with the idealized flat parallet
lamellae shown 1in Figure 1 and in many other publications. The second
possibility 1s that the higher temperature used during deformation for
solution grown crystals has enabled the molecule to relax during
deformation so as not to reach full "affine dimensions". Experiments have
been carried out on higher temperatures of deformation for melt grown
crystals where the draw ratios are higher. A preliminary analysis suggests
that 1indeed, as expected for the second explanation, the changes 1in R
values for high temperatures are more significantly different from the
affine predictions than is the case for cold deformation.

Conclusions

Neutron scattering using isotope labelling is enabling molecular extension
in solid polymer materials to be measured. The relevance to deformation
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mechanisms 1is clear from the discussion above. Although the technique 1is
not likely to become suitable for routine testing, there is a need for more
experiments along the lines of the preliminary ones described here. The
significance of results from other techniques (e.g. for measuring
orientation) can then be used with more confidence in assessing molecular
events under various conditions (e.g. as temperature of fabrication 1is
changed).

Addendum

Computer simulation studies (Sadler and Gilmer, 1984) are now indicating a
new explanation for the why molecular shapes should differ between melt
(high temperature) and solution (low temperature) growth. Figure 7 shows
the result of such a simulation, showing (left to right) the initial "seed"
crystal used, and two crystals after growth with different ¢€/kT values,
where ¢ 1s the energy of bonding between units (each unit corresponding to
several chemical repeats but less than a complete crystal traverse). Both
these crystals have fairly rough growth surfaces (pointing towards the
bottom left of the diagram). In such cases the fold re-entry would be
fairly random, whereas if the growth surface were to be smoother, adjacent
re-entry would be promoted. The latter is probably the case for solution
growth (Figure 2).

Figure 7. Results of computer simulated crystal growth, with the initial
seed on the left. Shaded areas are linked to opposite faces by cyclic
boundary conditions. Molecular direction 1is vertical, with non-
crystalline sequences omitted.
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Discussion of Session II1

It 1is evident that the nature of certain fabrication defects in polymers can
be investigated only by resorting to neutron scattering. When discussing the
prohibitively high cost implied by the desirability to subject polymers to
neutron scattering, even for specialised polymer components, Dr R E Green Jr
pointed out that the US ceramics inspection industry now uses transporter

carried neutron sources.
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QUALITY CONTROL AND LIFETIME PREDICTION
OF RUBBER FABRIC COMPOSITES

D M Turner, Director,
New Projects, Avon Rubber plc, Melksham, Willtshire

ABSTRACT
The rubber Industry has been manufacturing composites from its in-

ception over one hundred years ago. The pneumatic tyre is a highly
sophisticated composite where great care is taken to ensure that the

fibre reinforcements are precisely located. These and many other

products have a high degree of reliability. For a number of reasons

NDE techniques have been difficult with rubber so reliability has

been attained by attention to manufacturing methods and quality con-

trol.

In this paper, as a case history, the problems of design, manufacture

and quality control are considered for the very large bearings re-
quired by Tension Leg Platforms (TLPs). Currently a multi-layer

spherical laminate bearing is being used which does present problems

in manufacture and evaluation. An alternative is proposed making
use of polyaramid tyre cord where specialised X-ray and ultrasonic
techniques developed for the tyre industry may be applied.

........

fFlgure 1 illustrates the layout of the Hutton Tension Leg Platform

Leece M J (1983) 'Hutton TLP Mooring System Flexjoint' Paper pre-
sented at ''"Rubber in Offshore Engineering'' Conference, PRI London
13th April, 1983,

At each corner there are 4 legs which are terminated at each end
with a flexible bearing so that the whole rig can respond to wind
and tide motion by parallelogram motion. Good working conditions
on the platform are provided as the horizontal resonant frequency
will be below that of the wave frequency whilst the vertical is
above. The total vertical upthrust on the legs is 13,000 tons
but allowing for 100 year storms and conditions where one of the
legs may be out of action, the maximum load required on an indj-
vidual leg is 2,400 tons. The maximum angular offset is 16.6 .

The Hutton TLP uses a multi-laminate spherical bearing which is
illustrated in Figure 2. The actual bearing is composed of
successive layers of stainless steel 6 mm thick and rubber of

L mm thickness. Bearings of this principle have been used

for many years for the blades of helicopters and more recently
for the thrusters of space rockets, Thus the knowledge was
present to calculate the strains and loadings throughout the
bearing and comparisons were available to make realistic predic-
tions of the expected fatigue life,
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Figure 3 shows some of the results which have been obtained on
various rigs and some riser bearings in service which suggest a
minimum achievement in number of cycles expected at various angu-
lar displacements. By the application of Miner's Rule, this
information can be used to predict a life against a history im-
posed by wave conditions.

The performance of such a product does depend on a good bond

between the rubber and the steel. Proprietary bonding agents

have been found to be remarkably reliable but in a product such

as this where the rubber layers are only 4 mm thick and the indi-
vidual plates are 350 mm wide and a metre in circumference, it is
far from easy to ensure that the rubber is properly distributed

to create the correct contact pressure throughout during the mould-
ing process. Any void in the rubber will act as an initiator for
crack growth and will upset the distribution of strains in the re-
maining part of the rubber. Such voids even with the geometry

like this can be detected ultrasonically, More difficult, however,
is where sufficient rubber was present to prevent the formation of

a void but was not sufficient to ensure a satisfactory bond. Ultra-
sonic methods under these conditions would only be able to locate
actual voids, and not incipient weaknesses., For products such as
engine mounts for the automotive industry, all bondings are checked
with shear loadings 50% greater than they would experience in service
and if there was an unbonded area, there would be an increase in de-
flection. This technique will only eliminate really bad bonds as
it is difficult to control the elastic modulus of rubber to better
than 6% so that only bondings with unbonded areas of greater than
10% of the total are likely to be detected. After such tests the
products are inspected closely to see whether there are any cracks
on the surface as in fact the stresses are going to be highest at
the edges. Elimination of products even with the smallest of
cracks on the surface is justified and it does ensure maintenance

of a reasonable quality level,

Because of the reported difficulties with the spherical laminated
bearing, Avon Rubber plc decided to investigate the possibility of
a different concept of bearing making use of polyaramid tyre cord.
The essential features seen in Figure 4 are:

] The main body of the bearing which is effectively a tube com-
posed of plies of polyaramid tyre cord set at an angle of 25
to the axis but in alternating directions,

2 A large and a small diameter termination which transfer the
tensions in the tube to the internal and external rings or
members .

3 A core which creates the necessary pressure to prevent the
tube from collapsing under the external tension.

't can be shown that such a bearing under tension will deflect ex-
ponentially with the line of action of the tension being close to
the centre line at the small end and still being within the base of
the bearing at the large end. The principle of asynmetric ends was
chosen on the grounds for a viable production process which enables
the tube to be b ilt and cured on a mandrel and then permit the

|
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mandrel to be withdrawn.

A development programme has been proceeding on a small scale model
tube of 55mmdiameter. The intentlion is to complete a dynamic
programme so that the fatigue lives can be determined for various
strain levels. The actual test programme consists of applying 20%
extensions to gas filled tubes set at a pressure to give the required
loading. The results from this can be related bending as of course
bending involves compression on one side and extension on the other.

The first part of a programme was to establish a specification which
could withstand a 9 ton static load. in fact to achieve this, con-
siderable attention had to be paid to the shape of the ring in the
smal) end and Figure 5 shows the progressive evolution of the design.
It was originally thought that the greatest interaction between the
ring and the cord would be at the top end but in fact the more im-
portant factor was the high compression set up between the bead ring
and the inner termination and progressive increases in the ring
radius led to 9 tons being achieved consistently. The next feature
which emerged was that if the load was held at 9 tons, failures would
occur after a few minutes. Reducing the load to 8 tons produced
failures in between 10 minutes and 1 hour.

This brought home the realisation that polyaramid cord behaves like
conventional plastic materials and has a time dependent strength.
Thus the dynamic programme could only commence at loads which were
below those which would be influenced by the static loading. Lives
are now being obtained at 5 ton and 4 ton loadings. - Lower loadings
would involve tests lasting several weeks. This. example underlines
the difficulty in establishing reliable SN data. If It is assumed
that the shape of the curve is similar to that obtained from rubber
fatigue testing where, in particular, small amplitude cycles have
negligible fatigue effects, some reasonable estimates can be made
of the life. In Table 1 a prediction is made for the life of an
extensible mooring tube of similar construction to the tension link.

ThBLE | FATIGUE LIFE NO OF CYCLES 1/1000's OF FATIGUE
EXTENS | ON OF RUBBER IN_RANGE LIFE _USED
8 6 E 8 1.5 E 5 .25
10 ' E 8 6 E 4 .6
12 1.3 E 7 3 E & 2.26
4 L E 6 1 E 4 2.50
16 1.7 E 6 3 E 3 1.76
18 8 E 5 8 E 2 1.0
20 L E 5 1.8 E 2 .5
22 2.5 E 5 3 E |1 12
2L 1.6 E 5 6 E O .0l
26 1 E 5 1 E O .01
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The above Table shows the expected fatigue life of rubber under
the strain imposed by the stated extension of the tube related
to the number of cycles experienced in service at that extension
in the course of one year. The proportions of the fatigue life

used are summed to give 8.9/1000 which is equivalent to a life of
111 years.

The philosophy of the manufacturing process will be similar to that
used in tyres where great care is taken to ensure that the textile
or steel reinforcement is placed exactly where it is required.

The basic material which consists of unidirectional cords embedded
in rubber is amenable to precise location during the building pro-
cess and in the case of a large bearing, the correct application

of the material would be checked layer by layer., The curing pro-
cess should not encourage any movement of the cord and material.

In the curing of tyres it is also hoped that cords do not shift
position but, in fact, some movement does occur. Factories mak-
ing steel radial tyres are all nowadays equipped with X-ray equip-
ment. Monsanto manufacture a specialised X-ray system where the
emitter can be placed inside the tyre. Successive portions of

the tyre are scanned by rotation of the tyre and the images pre-
sented on a television monitor. Figure 6 is the X-ray picture

of a test piece containing all the normal types of tyre reinforce-
ments.

Ne 2

Fig. 6 This is a test piece called a pie with a sample of all
the common materials used for tyre reinforcement sand-
wiched in a tread compound. It gives some indication
of how well a system can resolve these materials,
Clockwise, starting at bottom right the materials are:
| Steel, 2 Rayon, 3 Kevlar (Aramid), 4 Fibreglass,

5 Polyester, ¢ Nylon.




S
Cieariy there is extreme!, good resclution for the steel corg
anc glass fibre and reasonable resolution for the aramid anc
nylor, The technicue has no difficulty in identifying some

of the faults which occur with radial tyres suck as open splices
or distorted cord paths,

A major difficulty with using ultrasonics on rubber components
has been the presence of a large number of fine air bubbles on
the rubber surface during immersion in water. Sonatest Schlum-
beraer have overcome this by developing a dry coupling system
using PVC covered wheels as transmitters and receivers., Thus

a tyre can be set up with the wheels located at selected posi-
tions on the tyre and then the whole tyre scanned by rotation,
125 MHz is used in short pulses which permits resolution of
defects down to 1 mm in size,. With this technique it is evi~
dent that any small areas of separation or lack of bond can be
detected between the rubber surface and the outer ply. Once
the besic technique car be made to work then many developments
are possible by compute- processing of the received signals which
can lead to ultrasonics providing valuable information on the
integrity of a full scale multi-ply tube.

CONCLUS 10N
The purpose of this paper has been to examine some of the design
and quality control requirements for two products which typify

the new uses of rubber components in the offshore market. The

" main quality problems will be solved by the traditional approach

to ensure that all constituents have been correctly prepared and
are positioned accurately during assembly, However, the industry
is continually examining new techniques such as X-rays and ultra-
sonics where current development activity will improve the inter-
pretation of results and the engineering development permits their
use in the production line,

The work on the Helical Tension Link has been
assisted by a grant from the Department of Energy.




)
gl

-

"~ gl ™ i am™

Feasibility of Useful Real-time In-process Evaluation of Laminates

by
Kenneth L. Reifsnider

Reynolds Metals Professor
of Engineering Science and Mechanics
Virginia Polytechnic Institute and State University
Blacksburg, Virginia 24061-4899 USA

Abstract

Composite materials are not ideal materials in the classical sense, i.e.,
they are anisotropic, nonuniform and inhomogeneous. This situation is
further complicated by the fact that these materials are usually used in
laminar form with different layers having different properties in a given
direction. Consequently, when these materials are loaded, the damage
development process is very complex, consisting of a variety of
combinations of damage events such as cracking, debonding, micro-flaw
growth and internal stress redistribution. It is generally not possible
to characterize these events or the combinations thereof as a real or
effective single through crack, as one might do for common metals.
Therefore, it is not possible to follow the damage development process by
measuring something as simple as a single crack length, The present paper
describes three experimental methods which can be used to follow and
quantitatively characterize the severity and extent of damage development,
in real-time, in composite laminates. Moreover, these methods are chosen
because of their relationship to the physics and mechanics of the damage
development process and the subsequent mechanical properties of the
laminates, The methods are vibrothermography, tensor stiffness change,
and ultrasonic stress wave analysis, Concepts, applications and
feasibility of in-process use will be discussed.

Vibrothermography

We will be concerned below with thermographic techniques which depend upon
the manner 1in which materials dissipate energy during mechanical
excitation, In particular, we will address the method called
“vibrothermography", a term coined by the authors to describe the concept
and related techniques whereby the internal integrity and uniformity of
materials and components is interrogated by observing the heat pattern
produced by the energy dissipation which occurs when a specific vibratory
excitation 1is applied to the test piece, Vibrothermography, then,
consists of the study of thermographic (heat) patterns which are recorded
or observed in-process during such an excitation, It has been observed
that the details of the mechanisms which produce such dissipative heat are
directly related to the mechanisms of material deformation and degradation
in several important ways, a fact that provides the basis for the use of
the scheme as a nondestructive test and evaluation method and general
philosophy. This technique was introduced in 1974 by Reifsnider and
Stinchcomb and is unique in the sense that it uses heat patterns produced
by the specimen itself rather than introduced from an outside source. The
heat so produced under cyclic loading is proportional to the energy
dissipated by the material at each point which is, in turn, proportional
to the material deformation at that point, Hence, it is possible to
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determine the severity and distribution of damage by observing the
severity and distribution of local deformation as indicated by the heat
pattern [1-3]. An example is provided by Fig. 1 which shows progressive
heat patterns developed in a notched graphite/epoxy specimen under cyclic
loading at three different times during the loading process. The heat
patterns do not provide a description of each individual damage site or
event, but rather describes the cumulative damage in some local region and
its collective effect. In that sense, vibrothermography provides an
interpretation of the complex damage patterns, As is the case for many
nondestructive test techniques, a major challenge is the specific
interpretation of the thermographic heat patterns in terms of strength and
life., This interpretation requires that precise associations be made
between the heat patterns that are produced and the micro-states of stress
and states of of material that control the strength of the laminate and
correspond to the heat patterns observed. Efforts to make such
associations are underway. An example is provided by Fig. 2 which shows a
super-position of ultrasonic C-scan inspection (gray and black) and
vibrothermographic inspection (white isotherm lines indicating degree C
rise over reference temperature) of a random fiber glass/epoxy sheet
molding compound specimen with a region of delamination on the right-hand
edge, We have found that internal free surfaces such as delaminated sites
provide major sources of energy dissipation under cyclic 1loading;
vibrothermography is an excellent method to locate and characterize such
delaminations. However, a major part of the energy dissipation in many
polymeric matrix materials is also due to viscoelastic nonlinearity in the
constitutive behavior so that local gradients and stress fields caused by
damage disruptions of integrity of the specimen are also potential sources
of heat,

One of the particular advantages of vibrothermography is its ease of
applicability to large-scale structural examinations. An example of this
is provided in Fig. 3 which is a thermographic pattern observed during the
cyclic loading of a full-scale rotor blade which was about 3' wide and 30'
long. The image of the rotor blade runs from the lower left to upper
right of the photograph and a pattern of increased heat is shown by the
elliptical image shown in the center of the picture. This pattern was
observed in the early part of the l1ife of the blade at a time when no
other nondestructive testing technique indicated that damage had
occurred. Subsequent 1loading produced failure of the blade in this
location. Hence, vibrothermographic techniques are quite applicable to
full-scale and in-process monitoring of damage development in composite
laminates and components.

Stiffness Change Methods

The notion of stiffness is the fundamental idea on which the concept of
elasticity was constructed by Robert Hooke in the mid sixteen-hundreds.
The corresponding mathematical statement followed the definition of stress
and strain by Augustin Cauchy in the early eighteen-hundreds and the
introduction of an elastic constant of proportionality by Thomas Young in
1807. (References 4-6 treat various details of related history.) While
the idea of a “"modulus of elasticity" as a material property is defined by
the elastic stress-strain relationship known as Hooke's Law, the concept
of stiffness is usually more broadly interpreted to include the
load-displacement record of response of a specimen or component. No other
concept is more basic to the mechanical response of materials, The
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interpretation, measurement and understanding of stiffness has been
developed over more than 330 years.

The idea of relating stiffness to the internal integrity of materials, and
to the process of damage development when a component is subjected to
continuing load histories is a much more recent concept. (Some details
can be found in a summary article by O0'Brien [7]. Salkind, et al.,
appears to be the first investigator to discuss stiffness change during
fatigue loading as a characteristic of composite materials [8-9]. In the
early 1970's the present investigators reported large stiffness changes in
notched composite specimens (both polymer and metal matrix systems) and
associated those changes with damage zone development, acoustic emission,
heat emission, fatigue life and residual strength [10-15]. Over the last
several years, the present authors have conducted a number of
investigations which specifically focus on the association of stiffness
change with damage development in composite laminates [16-20]. The
results of those investigations will form the basis for the present
discussion,

Figure 4 shows three illustrative examples of stiffness change during
fatigue loading taken from Ref. [21]. Curve A for a [0,90,]; laminate
cycled at a maximum stress of 67% of the static strength in a tension-
tension test shows an initial drop in stiffness associated primarily with
matrix cracking. The same type of change occurs for curve B (which is
from a test of a [0,90,145]s laminate) and curve C (for a [0,+45]

laminate) cycled at the same relative amplitudes. There is also a second
range wherein very little additional damage or stiffness change is
observed in curves A and B but edge delamination in the quasi-isotropic
laminate is revealed by stiffness change in that region for curve B, In
later stages, longitudinal splitting of 0° plies causes step reductions in
curve A, delamination causes further reductions in curve B, and the final
coalescence of damage causes a very abrupt drop in curve C. There
associations of stiffness change with microdamage development events,
which was established in the investigation reported in Ref. [21], provide
an excellent foundation for the interpretation of stiffness changes during
in-process monitoring in a quantitative way. In fact, stiffness changes
can be used to determine the collective effect of complex patterns of
microevents on the global response of a component as we will show with a
few examples below,

The stiffness response of a unidirectional reinforced composite lamina can
be characterized by four independent in-plane constants, the tensor
stiffness values. When the continuity of the material is interrupted by
matrix cracking, debonding, fiber fracture, and combinations of damage
events the lamina becomes more compliant. The specific type of damage is
reflected in the specific type of changes induced in each of the tensor
stiffness moduli. The amount of damage is indicated by the amount of the
stiffness changes, An example of this latter fact 1is provided by
Fig. 5. That figure shows the changes observed in the axial stiffness of
a cross-ply glass/epoxy laminate induced by cyclic loading as a function
of the number of cracks observed in the 90° plies. The monotonic decrease
(which is nicely matched by our analysis) appears to be bounded by a
simple estimation obtained from laminate analysis by discounting the
in-plane shear modulus and transverse stiffness of the broken plies. The
amount of stiffness caused by matrix cracking or other damage modes is
directly controlled by the nature and amount of Jlocal stress
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redistribution associated with the damage event, For commonly used
engineering laminates, for example, damage modes such as matrix cracking
and delamination may be fairly pervasive and influence significant volumes
of material, causing substantial stiffness changes which are easily
measured and monitored. However, fiber fractures tend to be relatively R
isolated in small volumes of material throughout a major part of the life NI
of the specimen and are generally associated with relatively little global R

stiffness variation, e
Perhaps the most important aspect of the use of stiffness change as an ?f??’

indicator of fatigue damage development is the power of interpretation e
associated with the concept. While it is not clear how information from Sl
many other nondestructive measurement schemes should be used to anticipate o
strength and life, stiffness 1is more directly associated with those S
ideas. Any analysis of stress states involves stiffness components as a
direct input, Also, micro-mechanical models of damage events can be used -
to directly associate global specimen stiffness changes with the remaining RS
strength of the laminate by calculating the local stress redistribution S
associated with the damage event. Since fatigue life is defined by the
incidence of identity between the residual strength and the applied stress
amplitude, such a scheme can also be used to predict fatigue life. The
author has recently developed a cumulative damage theory which uses such a
model [22].

It should also be mentioned that changes in other components of the
stiffness tensor may be larger and more useful than the load-direction
modulus., Highsmith, et al., have shown that changes of 74% are predicted
and observed in cross-ply glass/epoxy laminates, for example [23]. Large

- changes in other in-plane and bending stiffness values were also predicted

o and observed,

Lf}, Stress Wave Analysis
b Ultrasonic test methods have traditionally played a major role in the

o0 field of nondestructive testing and evaluation, Ultrasonic waves have the

;}Z capability to travel through materials in a manner which is sensitive to

A the integrity and the anisotropy of the constituents and the boundary

ﬁ:’ geometry of the component, While the complexity of the constituent phases

™y and their boundaries (and the damage states that develop in such

= materials) greatly complicate the mechanics of stress wave propagation,

. nondestructive testing and evaluation techniques based on the

£ interpretation of such propagation generally provide highly sensitive and

;;~ very practical methods of investigating such materials,

.-

’.‘ One such method, to be discussed here, was originally suggested and

2 described by Vary [24-26]. The technique employs both a sending and a

o receiving ultrasonic transducer that are in contact with the same surface

of the object being examined as shown in Fig. 6. A train of ultrasonic
pulses s introduced into the specimen and the resultant stress wave

% detected by a receiver. A number of oscillations received in a period of

) time which have an amplitude which exceeds a specified threshold value is

o used to define a "stress wave factor" (SWF) which is a product of the RO
s}“ oscillation count, the total time of counting, and the repetition rate of e
o the sending transducer as shown in Fig. 6. Hence, the principle of S
A operation of the device depends upon the manner in which acoustic energy RN
[-- is transmitted from the sending to the receiving transducer. As a Sl
] (4 L
3 4

k.- -
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consequence, the technique is particularly sensitive to the internal
microstructure of the constituent phases of the composite material, lamina
interfaces between plies of a laminate, and the properties of the
composite materials in each ply of a laminate including the anisotropic
nature and orientation of those plies. It should be noted that it is
possible to interrogate composite materials in various directions which
may be of special interest because of specific loading or material
characteristics. In the intuitive sense, it is clear that "poor" material
will be a "poor" conductor of acoustic energy from one transducer to the
other, As is frequently the case for nondestructive test methods, the
difficulty lies in attempting to be more precise and quantitative about
- the influence of material properties and arrangements on the energy
[ transmission process; it 1is especially difficult to anticipate the

o absolute value of changes in the amplitude of a transmitted stress wave
P caused by specific types of changes in material properties and
- arrangement. While continuing progress is being made in this area, we
7 will be satisfied at this writing with descriptions of relative changes

and comparisons,

As suggested by the arrangement shown in Fig., 6, the SWF is quite
convenient for practical applications. The method requires access to only
one surface of the material to be examined. Transducers may be
permanently fixed or moved about to examine various areas. In-process
monitoring requires only that adequate recording and interpretation
instrumentation be available.

The type of information that can be obtained with this technique is
illustrated by Fig. 7. That figure shows comparison data for stress wave
changes and stiffness changes observed during the cyclic loading of a
quasi-isotropic graphite epoxy laminate. As we explain in a previous
section, stiffness changes are reliable quantitative indicators of damage
development during fatigue loading. For the particular test shkown in
Fig. 7, a stiffness change of about 15% was observed over the 70,000 cycle
life of that laminate. However, the SWF recorded during the same damage
development process showned a change of over 90% for the experimental
arrangements and conditions used for that test., Figure 7 represents a
typical experience, the SWF is extremely sensitive to damage development
in composite laminates and provides an excellent in-process method of
monitoring such development,

Another important point can be made with the data shown in Fig. 7. Stress
wave propagation in materials is controlled by the same tensor stiffness
gquantities that we have shown can be used as damage monitors in composite
materials. Hence, one would expect, for example, to be able to obtain
independent indications of material integrity in different directions in
an anisotropic material by making independent measurements of the SWF in
those directions. It is indeed so. However, it should also be noted that
the transmission of stress wave energy from one transducer to another
depends more strongly on material volumes close to the surface of the
specimen being examined than it does on material elements further into the
bulk of the specimen. Hence, the technique is best exploited for use on

relatively thin laminates.

Instead of holding the sending and receiving transducers in one position
to measure changes in the properties of that region over a period of time
as shown in Fig. 7, it is also possible to make comparative readings over
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an area of material at a yiven instant of time as shown in Fig. 8. The
glass epoxy cross-ply laminate used for that series of measurements
eventually fractured in the position shown by the shaded region at the
bottom left of the figure. It is seen that the SWF had a low value (poor
energy transmission) in that area, although the SWF data were recorded
before the specimen was loaded. This peculiar, and somewhat unique,
characteristic ability to locate a region which eventually is associated
with the fracture event appears to be related to the fundamental
association of this technique with local stiffness values [27]. This
conclusion was reached by employing the technique of moire interferometry
to obtain the full-field in-plane axial displacement as a function of
position along the length of a specimen during quasi-static tensile
loading.

In summary, the stress wave analysis technique as described in the above
paragraphs is a highly practical in-process method which can provide
reliable comparison data concerning the initial and eventual condition of
composite laminates which is highly sensitive to constituent properties,
orientations, and geometries and well correlated with performance.
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Dissipated heat patterns observed during cyclic loading of a
center-notched graphite/epoxy laminate (maximum cyclic stress wds
130% of the static ultimate strength),
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Thermographic pattern of heat dissipated
in-process testing of a helicopter rotor
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Fig. 5. Change in (normalized) axial stiffness of a fatigue-loaded
specimen as a function of matrix crack density in the 90° plies.
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Discussion of Session III

The consensus of opinion is that a major remaining problem for the NDE of
rubber coated fabrics 1s detection of inadequate adhesion between fabric and
rubber. At the present time, only proof testing appears to have met with any

real success.

There followed a lengthy discussion on the sizes of the defects which are
important in laminates. On the one hand, there is no doubt that delamination
is a problem, that it can be extensive on a macro-scale and that on that scale
it can be satisfactorily detected and sized using conventional ultrasonic
C-scans. However, theories for in-service dynamic fatigue of fibre reinforced
laminates are modelled on the accumulation of micro-scale damage, some of
which 1s attributable to the fabrication process and most of which involves
such molecular level phenomena as the debonding and breakage of individual
fibres.

In respect of possible in-process detection of poor interfacial bonding
between fibres and matrix, there was discussion of the virtues of simple
mechanical testing accompanied by the detection and analysis of the associated
adiabatic heating. Since 1it is conceivable that measurement of the latter
could make use of existing commercially available equipment, the following

written discussion was solicited.

That the interface between fibre and matrix materials is an important location
for dissipation of energy during cyclic deformation of composite materials is
best demonstrated by carrying out identical tests on a range of specimens,
each specimen fabricated using fibres of constant but different diameter from
the rest 1in the range. Figure 1 shows data reported by D Short (1970) for

glass reinforced polyester resin.
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The energy 1s dissipated as heat which arises adiabatically as the
instantaneous consequence of application of stress. In Fige 2 consider a

length loiof glass fibre which is suddenly subjected to a load W.
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The {immediate response is adiabatic although, after a time, the wire will

reach equilibrium with the surrounding air.
dU = WdX + TdS

We can write, for the temperature change for adiabatic reversible change,
Gk - ()
owlis s/ W

RGNt

for small loads, the numerator is a thermal coefficient of expansion and the

denominator is 1/T multiplied by a specific heat at constant pressure.

Assuming a linear coefficient of expansion and Hooke's law, we have a linear

relationship between length, temperature and load, viz

2= 8 (1 + aW)T + B(TIW)

8o _-g(a+w°9)

To obtain an expression for (as ) we make use of the Maxwell relationship
oT

()= ()~ 2l 3

Integrating with respect to W, we find

W
- 2 dp
s=s *+a, | faa+ W F
0 dr




.
-

-

- -

Hence

2
(gs. ) - 95 4 2 Wz d_g
3T I dT ° dT

2
- lo%eocp + 1 w2iP
T ° dr

where a, is the cross-section of the fibre and Py is its density

Therefore ;?ffT
( dT) i ’
dw /g 2,00 +1 Wzdzp é}i;tﬁ
T 2 dr? e
or )
a+w 9P B
dar dar .
= - .:j
d(w/a,) PoSp 1 d?p KERERERE
s +— w2 —
T 2ao dT 2

W/ao = o 1s the applied stress, « 18 the thermal expansion coefficient, p,cp
is a volumetric specific heat and dp/dT and d2/dT2 are temperature

coefficients of elastic compliance.

At low loads

For fibreglass, a ~ 4 x 1076 fractional extension per Kelvin,



P, ~ 2.2 x 10% kgm ™3 and c, = 500 Jkglk7!

Hence
dT K
~ -9 —
(— ) 10 -
do s Nm

At 300K, the strength of fibreglass is ° 3 x 109Nn-2, so adiabatic loading up
to the elastic limit would change the temperature by about three degrees.

In practice, fibres would be loaded to less than their breaking strength so
the momentary temperature change is expected to be a fraction of a degree. A
camera and processing system developed by Sira Institute and known as - SPATE
registers temperature changes by remote measurement of infrared emission with
a discrimination of about one-thousandth of a degree and spatial resolution of
0.5mm. With such a temperature sensitivity, the consequences of stress

changes of the order of 106 Nm 2 ghould be detectable.
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THE VALUE OF IN-PROCESS MONITORING OF ACOUSTIC EMISSION
DURING PARTTAL PRESSURIZATION OF PRESSURE VESSELS

G, Marom, A. Mittelman and I. Roman
Graduate School of Applied Science and Technology
The Hebrew University of Jerusalem
91904 Jerusalem, Israel

ABSTRACT

The paper describes the conceptual framework and the corresponding
research stages of a project destined to develop a non-destructive pro-
cedure for the evaluation of filament-wound pressure vessels. In general,
the establishment of a non-destructive technique is a two-phase process
consisting of a systematic identification of the fundamental failure modes,
fracture mechanisms and of the relevant defects, followed by correlating
a particular non-destructive output with a specific defect of mechanism,

To increase the reliability of the technique a characterization of a
variety as wide as possible of fracture mechanisms is essential.

The procedure chosen for investigation in the present study is based
on detecting specific acoustic emission data generated during a series of
partial pressurization cycles, and interpreting the data in terms of
specific material damage.

The research programme included three-point bend testing employed to
generate failure modes such as tensile, compression and delamination, each
comprising a sequence of fracture mechanisms. A correlation between those
mechanisms and acoustic emission data was established. Tensile testing
was carried out to examine in detail tensile and delamination failures
typical of pressure vessels. Tensile specimens containing artificially
implanted damage were also tested to verify the concept of the proposed
non-destructive procedure. Presently, testing is extended to filament-
wound pipes under NOL type loading and to ASTM pressure vessels.

1. INTRODUCTION

Poly (p-phenylene terphthalamide) fibres (Kevlar 49) have recently
become a major reinforcement material in high performance filament-wound
pressure vessels, Simultaneously with the technical development of the )
new product it is essential that reliable non-destructive quality control —u'lii
techniques be developed. Such techniques should provide tight rejection/
certification criteria for advanced materials in critical applications.

1
<
L

Acoustic emission (AE) was chosen in the present study because of its
reportedly high relevance to pressure vessels, see for example SPI (1983). ‘ . .k
Acoustic emission has been shown to be a most promising technique for fail- !

ure monitoring of composite materials. Substantial contributions to the _—
understanding of failure of these materials have been made using AE equip- o
ment based on simple analogue processing. The commercial computer=-based

AE systems which are now available generally report a wide range of para-
meters for the AE signal. Hence, it is now possible to obtain additional
information regarding the nature of the source event. In additfion, those
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systems are now employed to identify source-events during partial, non-
destructive loading of composite materials.

It is therefore clear that an AE-based technique has become a natural
candidate in the present study whose task has set to develop a non-destruc-
tive procedure for the evaluation of filament-wound pressure vessels.

2. A FRAMEWORK FOR NDT

Our proposal of a conceptual framework for non-destructive testing
had to consider three main parameters and prerequisites. We proposed
to relay on an AE-based technique; we assumed that a monovalent correlation
between AE signals and source events could be established; and the test
procedure had to be integrated in the production line. It was assumed
that a technique that utilizes the Felicity Effect would infact fulfill
these requirements and produce an appropriate solution.

The proposed procedure is based on subjecting the pressure vessel to

2-3 successive partiasl pressurization cycles. The first cycle will pro- . f;]
duce acoustic emission signatures of the perfect or the defective vessel. . e
The subsequent cycles according to the Felicity Effect, will result in the ——

perfect part in no or very little acoustic emission as long as the first
pressure level (threshold level) is not surpassed; the defective part will
continue to produce AE even under pressures below the threshold level.
This AE signal will result from interactions (source events) between a
defect and the stress field, and it will enable to identify the type of
defect present. The pressurizations can be carried out in the production ___J!
line immediately after removing the vessel from the mandrel. '

3. PROGRAMME STAGES

simultaneously two parallel research paths. The first consists of a syste- —
matic identification of the fundamental modes of failure and of the rele- o
vant fracture mechanisms and related defects; the second path consists of
receiving, storing and analyzing of some non-destructive output such as
acoustic emission. These are followed by establishing a monovalent corre-
lation between the non-destructive signals and specific mechanisms or
defects. In order to increase the reliability of the technique a variety
as wide as possible of fracture mechanisms should be characterized, leading
towards a thorough understanding of the failure processes.

In general, the establishment of a non-destructive technique requires . .‘
4
{

The actual research programme immerged from tliis background as follows.
The call for a total characterization of the fracture mechanisms of Kevlar-
reinforced composites resulted in selecting flexural testing for the first
stage. BRending of comjorite materials may produce one or a combination of
failure modes, namely, iernsile, cumpressive and delamination. Racli of

these failure modes comprises a sequence of fracture events and fracture o o
mechanisms related to the reinforcement (fikres), the matrix and thc inter- :
the physical conditions which derive directly from the loading technique. .

As a result a wide variety nf fracture mechanisms may he generated hy

face. Irn addition, extraneous fracture mechanisms also take vlace due to "
flexural testing. ‘

The focal point nf the sercond stafe was the investiration of railure




modes with particular relevance to failure of Kevlar-reinforced pressure
vessels, namely, tensile and delamination failures. This was carried
out by axial and transverse tensile testing of undirectional coupons of
a wide range of fibre contents.

The Felicity Effect was tested through a comparison between perfect
and damaged unidirectional specimens, containing either a notch or a
delamination., Between 2 to 3 successive tensile loading cycles to 60%
of the ultimate stress were performed.

Presently, testing is extended to filament-wound pipes under NOL
type loading and to ASTM pressure vessels,

L, RESULTS OF FLEXURAL-TESTING

4,1 Modes of Failure

The failure of Kevlar-reinforced epoxy composited in 3-point bending
occurred by either one of two modes being failure by longitudinal fracture
of fibres in the tensile side, or by shear delamination in the neutral
plane. Each of these failure modes was preceded by compressive yielding
in the compressive side typical of Kevlar composites. The first failure
mode was typical of the lower volume fraction composites, and the second
was typical of the higher, with a distinct transition in the volume frac-
tion range 45-48%. With interlaminar loading the transition occurred at
the lower end of the transition range, “45%, and with translaminar loading
the transition occurred at the higher end, ~Li8%.

Fig. 1 is a qualitative representation of the load-deflection curves
for the respective failure modes. The curve of the fibre fracture mode
is characterized by a yielding stage and a longer ultimate deflection.
These result from compressive failure occurring in the compressive side
of the specimen as discussed below. The curve of the delamination mode is

characterized by a main delamination event followed by a number of secondary

delaminations.

delamination mode
/
1

tensile mode

LOAD

DEFLECTION

Fig. 1 Load-deflection curves for delamination and tensile failures
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The transition from failure by fibre tracture to failure by delamina-
tion was governed by the fibre volume fraction. It was therefore detectable
by monitoring various mechanical properties and plotting them versus the
fibre volume fraction. Figure 2 presents the transition as reflected by
strength measurements. The results show that the transition occurs around
¢ = 0,45 - 0.48, Although the ultimate strength values, o, were calcula-
ted for the entire ¢+ range, only those below the mode transition points
are appropriate. Hence, in view of the observed transition to a delamina-
tion mode controlled by the shear stress at the neutral plane, the ultimate
shear strength values, 1, were calculated for ¢¢ values above the transition
point. These are shown in Fig. 2.
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Fig. 2 Ultimate tensile and shear strength values
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The reason for the mode transition at a critical ¢y point lies with
the different functions that ¢ and Tt have in ¢r. Whereas ¢ increases
linearily with ¢¢, 1 decreases due to increasingly high proportions of
interface at the shear plane. In fact, at high ¢f values t is governed
by fibre~fibre contacts of zero strength and by the fibre-matrix interfa-
cial strength being relatively weak with Kevlar fibres. Hence, the critical
¢¢ point is the value of ¢f for which o and t attain their ultimate values
] simultan=ously. In the translaminar case 1 may be higher due to the action -
’ of misaligned fibres, resulting in a somewhat higher critical ¢¢. :

v v

T

Regarding the actual values of ¢ up to the transition point, they in-

- deed seem to increase linearily with ¢f. However, they are smaller compared

- with the rule~of-mixtures values calculated with ¢¢ = 2.75 GPa. The lower

L values derive from a calculation assuming both tensile and compressive -
elastic behaviour of the Kevlar-reinforced composites. As a matter of fact ’
these composites exhibit non-linear compressive behaviour, resulting iu a

. different stress distribution, as discussed in detail by Fischer and Marom

b - (198L4), producing the rule-~of-mixtures values for o. Another important
outcome of the non-linear compressive behaviour is that streszes above the

® compressive yield stress shift the neutral axis downward., The marking of -
this shifting is obtained by the onset of delamination failure, taking o
place within the neutral plan in its nltimate new location away from the
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Ec centroidal axis. This is shown in Fig. 3 with four specimens representing AR

P different fibre volume fractions above the critical ¢f, which sets the 'j’f-
failure mode transition.

CENTROIDAL  AXIS

-4

. 1

 Toes . -6 Ee*0. 0.5 ", =0.-

b, =0.62 ¢, =0.56!"9, =0.51 ", =0.46

-

Fig. 3 The displacement of the neutral plane (marked by delaminationm) L

from the centroidal plane as affected by the fibre volume fraction ol

4.2 Fracture Mechanisms U

Fractographic exeminations of the fractured specimens revealed typical P

features of the two observed modes of failure. Fig. U4 contains examples -~"J!

of scanning electron fractographs showing the details of a tensile failuré

@
Fig. 4 Scanning electrone fracto- Fig. 5 Scanning electrone fracto-
@ graphs of tensile failure graphs of delamination fail-
related fracture mechanisms ure related fracture

mechanisms
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mode. The important observation concerns the fracture of the Kevlar fibres
and their pull-out from the fractured matrix. It is seen that the fracture
of the Kevlar fibres occurs through an axial splitting mechanism, followed
by a pull-out stage of the two opposing split portions.

Examples of the details of the delamination failure mode are presented
in Fig. 5 by scanning electron fractrographs showing the final shear damage
in the matrix typical of the delamination mode, and the typical splitting
of the fibre. Although fibre splitting occurs under both tensile and de-
lamination failure modes, fracture proceeds differently in each case.

Three typical fibre failure events under the delamination mode masy be ob-
served. The most interesting and unique is the shear failure of an indi-
vidual filament also shown in Figure 5. The other two events are the tearing
off in the axial direction of the fibre skin to form a continuous ribbon,

and the production of deformation kink bands on the compression side of

a sharp bend. For a more comprehensive examination of the fracture mecha-
nisms see Davidovitz et al (198k4).

Additonal fracture mechanisms studied were those related to compre-
ssive failure and to transverse failure (obtained by transverse 3-point
bending). Figures 6 and T present examples of corresponding micrographs
related to these respective failures.

A typical transverse
fracture surface

A kink bend formed on the rig. 7
specimen surface in the

compression side

Fig. 6

4.3 Preliminary AE Results

Figure 8 presents acoustic emission amplitude distritbutiouns obtained
for 3 different failure modes. It is obvious that the different modes
are distinguishable by their typical acoustic responses. Moreover, the
tensile-delamination mode transition is also detectable through the AE
data, This is exemplified in Figure 9 by plotting the ratio or the
event count in the amplitude ranfe 1N-20 dB to the total event count
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versus the fibre content. The preliminary AE results already indicate that
matrix fracture events probably occur in the amplitude range of 10-40 dB,
while fibre fracture events occur in the amplitude range 45-65 dB.
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Fig. 8 AE amplitude distributions by a 375 kHz sensor; (a) tensile;
(b) delamination; (c) transverse failure modes
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5. RESULTS OF TENSILE TESTING

5.1 Fracture Mechanisms

Failure under tensile loading occurred by a combination of fibre e T
fracture and longitudinal matrix and interfacial shear failure. The
first occurred progressively with the loading of the specimen, and the

latter occurred at the onset of failure., The mechanism of fibre fracture .
exhibited the typical splitting process regardless of the fibre content. IR
The matrix and interfacial shear failure events exhibited strong depen- Eff}f
dence on the fibre content, with the longitudinal shear damage increasing ]
as the fibre content is increased, This is seen in Figure 10, where o]
only one longitudinal shear crack is observed in 27% fibre content, while S
multiple longitudinal shear is observed in 73% fibre content. od

T

Fig. 10 Longitudinal shear damage in fractured tensile specimens as
a function of the fibre content

Typical details of tensile failure-related fracture mechanisms are
shown by the scanning electrone micrographs of Figure 11.
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¥ Fig. 11 Tensile failure of unidirectional Kevlar-reinforced composite: e
‘_. (a) longitudinal shear damage; (b) fractured fibres; {(c) matrix e o
f; and interfacial shear damage. “:3
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5.2 AE Data

The AE information was analyzed at a number of points during the - g
loading of the specimen. This enabled to establish a correlation between .
the acoustic signal and the source event. Some of the AE results are T
presented in Figure 12. On the left hand side of this figure we see ampli- T
tude distributions for the events which occurred up to 95% of the ultimate
load. The amplitudes appear in the range 39-65 dB and result from fibre
breakage which occurs progressively with the loading. On the right hand o
side of Figure 12 we see the amplitude distribution of the total events N
at the instant of failure. The high fibre content composites exhibit an LR
addition of events in the range 18-38 dB, related to matrix and inter- O
facial failure. T

4

These partial AE results already indicate that amplitude distribution T ‘
ranges may be correlated with source events such as fibre or matrix frac-
ture, with & high degree of confidence. Additional information obtained
for instance, by tensile testing of transverse specimens strengthens this
picture. A fuller account of the AE results is in preparation. SRR

6. RESULTS OF CYCLIC LOADING ff"!l

In this phase of the research 3 loading cycles to 60% of the ultimate
load wereapplied to 3 types of specimens, two of which containing a notch
or delamination. The results reported below were obtained with an insuf- ..1
ficient number of specimens to allow a thorough statistical analysis, and C g
at this stage they should be considered as of indicative value only. A AR q
number of AE transducers were used; the 375 kHz transducer for example "'f
provided the following information.

Av,. No. of events Count ratio
)
Specimen 1st cycle 2nd cycle 3rd cycle 2nd/lst 3rd/lst S _j
Original 13926 1208 621 8.7% L,5% _A
Delamination 19876 1483 753 T.5% 3.8% R
Notch 39483 L85 3407 11.4% 8.6% j

It is seen that the presence of a notch results in a drastic increase
in the total event count in the first loading cycle, and the count ratio T
after the 3rd loading cycle is almost twice that of the undamaged specimen. o
Delamination seems to be a less noticeable damage under tensile loading,
however, the total picture obtained with more specimens and transducers
points in the same direction as that of the notched specimens. It is also
thought now that a lower load level of about 30% of the ultimate would re-
sult in a more significant picture. Tt is clear though, that such AE data
as presented above is indicative of the presence of damage and of its type.
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7. CONCLUSIUNS S

Two major conclusions that reflect on future progress of this study
are as follows:

:
. 24

(i) Specific fracture mechanisms and failure modes may be identified e
at a high level of confidence by AE data. . ;-:a

(ii) AF during non-destructive partial loading produces information
regarding presence and type of material damage.

acdod 4
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>THE STRAIN RATE DEPENDENCE OF ACOUSTIC EMISSION, INCLUDING THE
DETECTION AND NON-DETECTION OF DEFECTS KNOWN TO BE SUBJECTED TO
INTERNAL STRESS.

Jan-Fredrik Jansson and Henrik Sundstrom.

Department of Polymer Technology
The Royal Institute of Technology
$S-100 44 Stockholm, Sweden

ABSTRACT

The initation and growth of cracks in CSM laminates have been
studied using stress-strain relations, hysterisis, mechanical
loss factor, laser light scattering and electon microscopy in
combination with acoustic emission. In tensile tests three
regions of fracture initiation and crack growth have been
defined. The strain limits as well as the acoustic emission
event rate and energy per event of these regions changes with
the type of composite as well as with the strain rate. The
changes have been analysed with respect the the defects in the
composite. It is shown that acoustic emission is unable to
detect some types of fracture mechanisms at low strain rates
and thus the influence of the defects on those mechanisms.

DEFECTS IN CSM POLYESTER/GLASS FIBER LAMINATES

The fracture long term loading capacity of CSM laminates is
limited by a large number of different types of defects. These
defects not only have their origin in the heterogenious struc-
ture of the composite itself but also in the imperfection of
the laminating methods and in the processing properties of the
raw materials.

Most CSM polyester/glass fibre laminates are made either by
hand lay up, by spray up of chopped rowing followed by manual
rolling or by resinject techniques.

All these different methods involve risks in producing incomp-
lete wetting of the fibres resulting in poor bonding between
the fibres and the matrix, flaws, gas inclusions etc.

The glass fibre strands are often built up by several hundreds
of fibres. To prevent the rowing formed in this way of being
splintered during the handling, the fibres are usually held
together by a binder of high molecular weight polyester,
polyvinyl acetate or the like. The idea is that this binder
should be dissolved in the polyester resin, allowing the fibres
to be reasonably well distributed throughout the laminate.
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However, due to the relatively high viscosity of the resin and
the small local shear flow that can be achieved around the
bundles during the normal fabrication of the laminates the
fibres also stick together i1in the composite. This results 1in
large variations in the fibre content reaching more than 60 1
by volume within the strands although the average value might
be as low as 15 - 20 /. The effect is of course, an increased
strain magnification within and around the bundles in addition
to the generally non-uniform local stress distribution in the
composite.

It 1s also reasonable to expect the binder to affect the
properties of the cured polyester. Due to the imperfect mixing
which can be expected around the bundles, the binder will be
included 1in different amounts and in different ways in the
polyester network. The result might be a lowered T and either
degraded or enhanced fracture properties. 9

The properties of the polyester matrix itself vary through the
laminate. Thus, the number and length of the styrene bridges
(the crosslinks) vary due to the curing conditions. The chemi-
cal structure of the network and the degree of crosslinking are
influenced by fillers, fibres etc. Some authors, e.g. Katz et
al (1980, 1982) and Sperling et al (1978) have reported
substantial local variations in the crosslinking degree and a
globular structure of highly crosslinked material surrounded
by areas with lower degrees of crosslinking.

Internal stresses are built up because of the shrinkage of the
matrix around the fibres while curing and the larger thermal

contraction of the matrix when the laminate is cooled down from . b
the curing temperature. These stresses can locally exceed the ' o
strength of the matrix to cause cracks.

It is obvious that all these defects will influence the frac-
ture properties and especially the fracture initiation in

different ways and to diffenrent extents. It is also well known ,,__!
that the viscoelasticity as well as the time and strain rate gf:gi
dependent fracture properties of the polymer matrix affect the ]
fracture behaviour of the composite and also the influence of J:;gﬁ

BEANN

the defects on the fracture initiation and growth. O

Therefore, a NDE method for control of the loading capacity due - aT
to fracture has to be capable of distinguishing defects which NG
are active to the fracture processes from “"passive” defects, A
also taking into account the deformation and fracture proper-
ties of the matrix.

At least to some extent, Acoustic Emission used for the indi-
cation of the fracture initiation seems to fulfill these
conditions.
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FRACTUR PR M LAMINAT - RELAT N FECTS.

There 138 no single method avalilable at present which 1s capable
of both the identification of the different types of fracture
initiation and crack growth mechanisms in composites, and of

the measurement of their intensity.

Fig.1 shows the acoustic emission event rate, AE(N), i.e. the
number of events per time unit for a CSM, E-glass/polyester
laminate during tensile test at a strain rate of 201 per hour,

Sundstrom and Jansson (1984).
The curves show three distinct regions:

I, which ranges from 0.11 strain, at which the acoustic
emission appears, to approximately 0.351 and is
characterized by a slow increase in the event rate,
where the acoustic emission event rate is multiplied and

11,

111, which ranges from approximately 0.91 strain up to the NN
final failure which occurs at about 1.51 strain and is L
characterized by a constant or even decreasing event ]
rate. _bq

This means that the accumulated number of event follows an r““j

S-shaped curve starting at 0.1% strain and having its
inflection at about 0.81.
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Fig.1 The stress, event rate and energy
rate vs strain for a CSM laminate (V _=171)
at 207 per hour strain rate. The arrows show
the regions 1-111 defined in the text.
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A few events of high energy accur already at very low straain,
although a more continuous high energy emission does not appear
until above approximately 0.47 strain.

In Fig.2 the rate of the average energy per event 1s plotted
for two different strain rates. The behaviour seems to be
composed by several mechanisms. Appearing at about 0.4/ strain
for 201 per hour strain rate, the a¥erage energy per event
increases up to a plateau, 3 - 5 pvV  per sec, in region II. An
additional, superimposed mechanism, which gives an exponen-
tially increasing energy per event rate, seems to dominate the
behaviour above 0.91 strain in region III. A more detailed
stggy sgows a further plateau below 0.351 strain at about 5

10 pv per sec for the very low energy fracture processes in
region 1.
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Fig.2 The average energy per event vs straain
for CSM laminates tested at 20 and 1/ per hour
strain rate, respectively. The dotted lines
represent the exponentially increasing part
of the curves in region 111.
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Using measurements of stress strain relations, hysterisis,
mechanical loss factor, laser light scattering and electron

microscopy 1n combination with acoustic emission, the followaing

fracture sequences have been detected 1n CSM laminates with a
plain polyester matrix, Sundstrom and Jansson (1984).

The failure 1s 1nitlated at very low strains, region I, by
debonding between the fibres and the matrix within the strands.
With i1ncreasing strain, transverse intra-strand matrix cracks
are formed by the growth and coalescence of the debonds, region
I1. The size of these cracks increases until they are tempo-
rarily arrested at the edges of the fibre bundles.

At still higher strains., region IIl, a few of the intra-strand
cracks proceed into the matrix rich regions between the
strands. The final catastrophic crack growth occurs when a few
of these cracks have reached a critical size.

Thus, the fracture initiation 1s strongly dependent on those
defects which determine the stress and strain conditions within
the fibre bundles: local fibre distribution, wetting of the
fibres, internal stresses, local matrix properties etc.

In the same way, the different fracture mechnisms preceding the
final crack growth are influenced by the fibre distribution and
other large scale defects.

The detailed influence of the different defects on the initia-
tion and growth of the fracture has been studied only in a few
cases, although many general relations can be formulated.
Therefore, very little 1s known in what way the different
defects will appear in NDE methods capable of predicting
fracture behaviour and loading capacity.

In the following, a few relations of this type have been
listed.

n n_fa

As can be expected, the numbers of debonded fibres, intra-
strand matrix cracks and cracks in the inter-strand matrix rich
regions increase with i1ncreasing fibre content. For very low
fibre content, only very few cracks are induced in the inter-
strand regions and, in principle, the final failure 1s caused
by the growth of only one matrix crack.

The strain of approximately 0.1/ for the i1nitiation of the
debonding does not seem to be much affected by the fibre
content, at least 1n the region 10 - 25 /1 by volume.

On the other hand, the formation of the intra as well as of the
inter strand matrix cracks 15 shifted towards lower strains at
increasing fibre content.

In contrast to this, the strain at the final fallure increases
when the fibre content 1s 1ncreased from 10 to 25 /7, due to the
larger number of matrix cracks formed before the final failure
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The number of debonds as well as the number of intra-strand
matrix cracks are reduced as can be expected due to the more
favourable stress distribution i1n laminates made from strands
which include only a few fibres. Besides, both the strain at
the formation of the large scale matrix cracks as well as their
number increase. At constant fibre content, this i1improves the
loading capacity of the composite.

INFLUENCE OF STRAIN RATE,

Fig.3 and 4 show the effect of strain rate on the event rate
and average energy per event rate.

375

250

125

d AE(N)/dE % 10°®

Strain [%)]

Fig.3 The event rate vs strain for CSM laminates
(V¢=171) at different draw rates, sample length 170 mm.




LEROR R i 00 Adte JHEUENR B Al iy S M A A B i Sl ' i 2 bkl CEdh Nl Y

15

&

PR
[YRETRN -,
. . o
Vry P
e N e

. N e Y
P

o AN

d AE(U)/de x 10

&

RPN Y

) y /L/ |
.3 N O
4 Z Z Z o
5 10 15 B

Strain [%]
Fig.4 The energy rate vs strain for CSM laminates

(Vf0171) at different draw rates, sample length t170mm @
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At reduced strain rate both the event rate and the energy rate, . -
decrease. Also the characteristics of the fracture regions ﬂf“’ﬁ
defined above change: R
- The strain at which AE(N) appears remains mainly constant, : &
while the level of the plateau in region I decreases = 3

slightly. ]

- The increase of AE(N) and the appearance of the AE(U) in .
region 11 is shifted towards higher strains and their levels
are slightly reduced. .

- The event rate preceding the final failure is not influenced '
to any higher extent. Due to the decreasing intensity in ‘-!§
region 11, the effect of this will be that the intensity in
region 111 decreases, however.

At very low strain rate AE{(U) in region II1 is suppressed and
the exponential part of the curve in region IIIl is shifted
towards still higher strain levels.
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F‘ F19.9 shows the rate dependence of the strain limits for the

3 dirfferent regions as 1t appears 1n both the event rate and the
5f~ energy per event rate. When the strain rate is decreased from
A 20 to 0.0057 per hour the transition: I - II 1s shifted from
about 0.3 to 0.657 and the transaition: Il - III from 0.9 to
1.27 strain.

;////J
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15
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>

\ N
N

Z

log aL [mm/min]

Fig.5 Effect of draw rate on the strain limits of
the three regions difined in Fig. 1.

Thus, the strain at the initiation of the debonding does not
1 per hour.

On the other hand, the number and size of the debonds, as well
as the conditions for the intra-strand matrix cracking seem to
vary in a rather complex way with the strain rate. Different
techniques, for instance light scattering and acoustic emis-
sion, also give different information on the kinetics of these
processes.

The exact behaviour 1s not known at present. Thus, while the
effect of the strain rate on the number of debonds is not
clear, 1t is obvious that the number of intra-strand matrix
cracks initiated before the development of the large scale
cracks i1n the matrix rich regions, increases with decreasing
strain rate. On the other hand, the number of cracks formed in
the matrix rich inter-strand regions before the final failure
decreases with decreasing strain rate. This implies that a
smaller number of the formed intra-strand cracks continues to
grow out into the matrix rich regions.

vary significantly with the strain rate in the region 0.005 -20

—— e
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The explanation of these phenomena may be found in the visco-
elastic-plastic behaviour, in the strain rate dependent frac-
ture mechanisms of the matrix and in the relaxation of the
stresses around the induced cracks.

During the slow deformation, a general smoothing of the stress
distribution takes place in the compos.te due to the visco-
elasitic behaviour of the matrix.

Furthermore, local stress relaxation will occur in the matrix
when the debonds are formed. This changes the conditions for
the growth and coalescence of the debonds and thus, those of
the formation of the matrix cracks. In the same way, the larger
number of intra-strand cracks produces a more favourable stress
distibution around the strands which will delay the initiation
of the large scale matrix cracks.

The phenomena will be strengthened still more by the changes
which might take place in the fracture mechanisms in the poly-
ester matrix. Thus, the ability of the matrix to form oriented
structures absorbing part of the fracture energy during the
crack growth is strongly dependent on the strain rate.

At high strain rates, all the different techniques mentioned
above give similar results with respect to the nature and
intensity of the different fracture processes. In this case,
the intensity of the acoustic emission will give an indirect
measurement of the influence of the different active defects.

Also at low strain rates, the initiation and growth of the
debonds and the intra-strand matrix cracks are easily detected
by a continuous increase in the 45° vertical light scattering
and by a whitening of the laminate.

Also, acoustic emission seems to give an adequate measure of
the initation and growth of the debonds, despite the very low
acoustic energy that can be expected toc be emitted at low
strain rates.

However, the energy emitted by the initiation and growth of the
matrix cracks within the strands seems too low for the acoustic
emission to be detectable. This means that both this special
mechanism as well as the defects behind are not immediatly
detectable by acoustic emission.
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QUALITATIVE AND QUANTITATIVE EVALUATION OF DAMAGE IN C F R P BY
ACOUSTIC EMISSION DURING STRUCTURAL LOADING

D. VALENTIN, B. PONSOT, A.R. BUNSELL
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Abstract

A major hindrance to the wide use of advanced composites is the
absence of proof testing and life prediction techniques and these require
an understanding of the way damage accumulation occurs. The acoustic
emission technique is an attractive means for damage investigation. Our
approach was on the one hand qualitative as it involved a statistical
analysis of the amplitude of the recorded signals without differentiating
them and on the other hand quantitative by counting events under different
loading conditions. 1t has been found possible to correlate different
damage mechanisms with typical acoustic patterns on amplitude histograms
and also to develop an understanding of damage kinetics which are usefull
for determining as in a proof test, the longterm reliability of structures.

Introduction

The impressive mechanical properties of C F R P are coupled with a
low density. As a consequence it is often used for structures requiring low
weight or inertia and for this type of application it is clearly desirable
to be able to subject the material to as high a load as is safely possible.
There are, however, difficulties in replacing traditionnal materials by new
ones and not least of these is the lack of long term experience and the
necessity of developping new methods of control adapted to the new
material. The lack of a proof testing technique or a means of determining
the 1long term reliability of composite structures 1is inhibiting their
adoption for applications for which a cursory glance at their short term
properties would indicate their iminent suitability. The acoustic emission
technique has proved to be a usefull tool with which it is possible to

monitor the processes of damage in composites. The usefulness of the
results which are obtained depends on the theoretical means of analysis and
model ling,
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Experimental details

Experiments have been conducted on flat unotched plate specimens
made from different types of prepreg. They were Ciba Geigy Fibredux 914
CTS, which has a curing temperature of 180°C, and resins obtained by mixing
the Ciba Geigy systems - CY 205 and CY 208 - in different proportions. The
component (Y 208 is a plastifier and can be mixed in any proportion which
the CY 205 resin. The cure temperature was 120°C in the latter case. Some
unidirectional carbon fibre reinforced polystyrilpyridine were also tested.
The P S P specimens were made by the Société Nationale des Poudres et
Explosifs, the cure temperature was 250°C. In all cases, the reinforcement
was Toray T300C carbon fibres.

All acoustic emission monitoring was made with a 3000 series
bunegan Endevco system. A PZT differential transducer type D140 B was
employed with a dominant frequency at 200 kHz. The system consisted of
a 40 dB preamplifier with a frequency range of 100-300 kHz, an amplifier
with adjustable gain and an impulse detector transforming all peaks
exceeding the threshold (25 dB) at the output into digital pulses. The dB
measurements were given in reference to a 1 puV signal at the transducer.
The analysis system was set to have a dead time of 100 us which allowed one
event only to be counted for each series of pulses separated by less than
100 wus. During creep tests, as earlier studies [1] had revealed a nearly
logarithmic stabilisation of acoustic emission as a function of time,
counts were recorded on an X-Y plotter which allowed a direct trace of
Log %N as a function of N. Tests were conducted using a total gain of
2O b

Qualitative evaluation

The damage produced in composite materials may be of a complex
nature, and thus, the problem of discremination between the different and
often simultaneous mechanisms Aarises., Several parameters may characterise
an acoustic signal, amplitude, energy, duration etc.. Experimental results
obtained on different materials have shown that statistical analysis based
on the distribution function of certain of those parameters might allow the

diserimination of different mechanisms and leads to the identification of
the physical sources of the detected acoustic emission. Amplitude analysis
enatles such an approach to be attempted (-3 ] . To describe the amplitude
tistritution, we can choose a ditferential tunction (V) defined by the
pumber of  emssaions at o the amplitude Voor a cumulative function g (V)
iy by the cember oY eminsion above the amplitude V. To a first
s roxitation this last tanction v (V) can be written equal to

v -b

) V) rﬂ. (V‘\ (1)
o]
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where V is the smallest detected amplitude, N the total number of events . R
and b ao parameter which may be a function of damage mechanisms for a given R
material [4 ] . On logarithmic scales the corresponding histogram will give
a gradient the value of which is -b. As a consequence, the appearance of
several mechanisms will devide the histogram into several linear zones.
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a. First ply failure
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Considering cumulative histograms on logarithmic scales obtained at
rupture with unidirectional and cross plied composite (0, 90°) , we can see
that there is a very clear difference in the curves obtained f?‘om each type
of specimen (Fig. 1). For the unidirectionnal case, we can only distinguish .
one linear part (b =2) and most of the amplitudes are lower than 65 dB. For ;
(0°, 90°) materials, two straight lines can be clearly seen, one for
amplitudes lower than 65 dB and another for amplitude higher than 65 dB. So
if the curve is approximated by two straight lines, it can be seen that the

:

[ ..‘.
‘
!

i

2l i

initial gradient is close to those obtained with wunidirectional
composite (b, = 1, }) followed by a second gradient giving b, which is
considerably 1lower (b, = 0,3). Since it has been shown that matrix failure
parallel to fibres produced 1large proportion of high amplitude
(0,3 <b< 0,7) (5], we can deduce that first ply failure may be RO
responsible for the appearence of the second mechanisms of emission at high et
ampli tude. A
S
Log N v
N2s RO
or tensiie test e

— — creep tost

-5}

_10}
SO i I L 1
- 20 40 60 80 dB
2 Fig. 1 : Cumulative histogram ot acoustic emission amplitude of (0° ,40°)
: and unidirectional specimen at rupture. "
N
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It 1 then pessaitle to detect  the fairst ply rupture or its
initiation with the appearence of the second distribution at high amplitu-
des (Fig. ¢). A correlationr has been made w~ith calculated values of first
ply failure using the [Isai-Hill criteria and also by visual observation
(optical microscopy and X-ray) on a wide range of lay-ups. The results are
in good agreement with acoustic emission detection (Fig .3) when the ply
rupture is activated by tension in the layer. If shear stress dominates, as
for ( 45°) composites for example, we detect the initiation of the ply
rupture, that is to say the decohesion of fibres and matrix [6] .

Log-ﬁ;{
0

v 346 Mpa
¢ 403 Mpa
e 461 Mpa
823577 Mpa

-5t
10}
e 4 A
20 40 60 80 dB

Fig. 2 : Evolution of the cumulative histogram of acoustic emission
amplitude of (0%, 90°) specimen as a function of stress during
tensil testing.
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Fig. 3 : First ply failure detection by acoustic emission compared to the t;ifﬁ
theoretical determination for (On’ 90, t45°)s composites (n = 1, e
2, 3). -

b. Fibre breakage and matrix microcracking

The usefulness of the statistical analysis of the signal amplitudes
depends on the theoretical means of modelling and analysis of damage
accumulation. A new method of analysis could be based on a spectral
approach of the differential histogram. For this, we use a new function for
the cumulative histogram

T y b vq'b + vo"b
g (V) = N (=) - (2)
L o Vo Vq—b ) v-b
k" (
’ For amplitudes such that Vv >>VO and V) >>V  we have
e, ( ¢
) ..J_
® v_"b LV b v P
- = 2 -1 (3)
v -b . v-b V—b
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which lead to the Pollock law (1) which is a limiting case of this

functiorni. The main advantage of the equation (2) is to give a corresponding

symetrical ditferential histogram with a maximum ng at Va {7] . When the
amplitude is expressed in db we have
» X — xa

1 -thB( 2 ) (4)
glx) = N_| o " xa. |
1 - th B (=)
AR 2
.."-
o with p - 2Log 10 l;g 10
y 2
3
From equation (4) we can deduce

\',__ > _
o _7 N_l_ dgd)((x) _ nN(x) } % (1 - th° B (% 2xa)) lxo . (5)
T o o 1-th B(—T—x—)
- Putting )
!
. n B 1 (6)
) X0—Xa
o 1 - th B (/)
. We have
Flx) ot - th' B (7)
.,—_
T Un logarithmic scaledn, the ditferential histogram will be represented by
~..~'_- two symetrical iinear oot of slope Boand =B about xa. Hence each observed
peak  can be  Jdeconveiated and correlated with a particular degradation
. mechani sms,
L
[
o




This approach has enabled the detection of several mechanisms wich
produced emissions during tensile tests of P S P based unidirectional
composites as several peaks were found with different values of B (Fig. 4)
We can attribute these results, to microcraking of the matrix (xa = 25 dB
and xa = 34 dB), fibre breakage (xa = 40 dB) and interfacial debonding
(xa = 47, 55 and 60 dB). Compared to more conventional composite materials
(Fig. 5), we can see a high proportion of events at low amplitude for
the P S P composite. This can be attributed to microcracking of the resin

107

2
;-o

IR o S
. . P .

s,

10

das

Fig. 4 : Representation on logarithmic scales of the normal amplitude
histogram obtained on P S P unidirectional composite material (o =

588 MPa).
n (1) I n(10’)
a
MP
® 22 . @® 11 MPa
@ 388 MPy | ® 114 MPa
0.5} @ 124 MPy 0.7 b @ 1000MP,
0.% | 0.5 r
0.25 0.2% - |
|
"\
0 a8 0 ’ 50 a8
_ Fig, 5% @ Comparison of the ditterential amplitude histogram for
e a) PSP oand b) epoxy based unidirectional composite material.
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due to internal stresses eohanced by the curing cycle. In fact, the P S P
matrix is very brittle (Kl‘ = U,’% MPa) and the triaxial state of stress

due to the difference of fhe coctticients of expension of the matrix and
the fibres 1is very important when the composite undergoes temperature

variations between 200 or 30°C as is the case during its elaboration.

Quantitative evaluation

a. Life prediction

A model of damage accumulation in unidirectionnal C F R P loaded in
the fibre direction has been proposed and shown to be applicable to a
number of different structures including filament wound tubes [1, 8] . It
is assumed that the carbon fibres are perfectly elastic and that an
unidirectionnal C F R P specimen can be considered to be a fibre bundle
embedded in a viscoelastic matrix. The effect of load transfer by the shear
of the matrix isolates fibre breaks in a narrow section of the composite so
that the Rosen model of a chain in which the links are fibre bundle. Their
lengths are determined by the load transfer between a broken fibre and
unbroken fibres [9 ] . It has been shown that as damage is accumulated in a
fibre bundle, the 1load which can be safely supported without causing
catastrophic failure passes through a maximum [1] . At loads lower than the
simple tensile strength of the bundle, the specimen can support a greater
degree of damage than at the maximum load given by

N 1/ 6

rven®)
P=(N -N.) f Log NO_Nf (8)

where P is the applied lvad, N the number of broken fibres, NO the total
number of fibers, f a constant and § the Weibull shape parameter
characterizing the raidure probability of fibres. Figure 6 shows the curve
given by equation 8., If at a given steady load Pl, a mechanism
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of degradation produces fturther tibre fuailures, even though the load |
remains steady, damage will be accumulated along the line A, B. Acoustic
emission reveals that further damage is accumulated at constant load and
that if turther loading takes place after reaching the damage level A_ no
emissions are recorded when greater load is applied. It has been shown [1
that this observation demonstrates that the accumulated damage is the .

p—

progressive failure of the weakest fibres in the composite. Under steady | B |

loading damage accumulation evolves in a quasi logarithmically decreasing RN

fashion : G
dN A T
av _ . (9) ' 4
dt (t+ 1) '

in which N is the number of events, t the time, t a time constant, n a power
close to one (n = 0,99 for 914 CTS unidirectional composites) and A a .

parameter which depends only on the applied load.

The combination of the damage accumulation model for composites and
the analytical description of the acoustic emission recorded under steady
loads permits minimum lifetimes to be calculated. In order to be able to
calculate the residual life of structures it is necessary to obtain the
master curve shown in Figure 6. This has been possible for prepreg specimen
but not for cured specimens as failure is of a too brittle nature. The
first part of the curve is easily obtained however as are the number of
emissions to failure and the mean value of breaking load. As the damage
level at the breaking load is a minimum level which must be exceeded at all
lower loads, a calculation of the time necessary to reach that level will
give a minimum life time prediction.
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The rate of damage accumulation must depend on the viscoelast o

b - properties of the matrix. This cnn be observed when less rigld epoxy baned X
t composites are under creep condition. In VFig. /, the evoluticn of the ]
- compliance D (t), for two resins 15 represented. The ftirst resin system - 0
. contains 70 % of CY 208 and 30 % ot CY 205 whereas the second contains 3¢ % -]
. of CY 208 and 70 % of CY 205. The first matrix is much more compliant than ;;'_f;;j
the second one which leads to values of n lower than for the second ol
- material itself lower than the obtained value for 914 CTS composites i
. (Table I). RN
. B - R
Oce). 10 (Mpa D ONRN
] v | o ] o]l o] a ] =« Je o
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Fig. 7 : Influence of plastifier percentage (CY 208) on the compliance of

the matrix. g 3
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fhis shows leas terdaney tor the composites to stabilize. Tt
tollaws  that  the coeftficient o can be an indication of the degree of
polymerisation of the yvstemo Thie cottitient 1s also a function of the
fibre volume traction Vo, thus tor 4 rigid matrix (914 CTS) n decreases to

0,97 1 V_ 1s equal to 50 % insteaa of 0,499 for V_ . equal to 60 %. This may
be due to a greater freedom of movement of the resin. The coefficient n
could therefore be indicative of good elaboration : good cure cycle, good
volume fraction etc. At first glance, the difference of 0,02 in the value
of n appears small, however in reality it is highly significant. In fact,
if n is put equal to 1 and equation (9) integrated we see that

t + 1

N = A Log : (10)
so that from equation (9) and (10) we have
dt N 1
Log == aN = A ¢ Log " (11)

dt
dN
accumulated number of emission N out any derivation of n from unity will

result in a non linear curve for Log 9t which will became progressively
dN
noticeable with time (Fig. 8). The variation from linearity is shown to be

strongly dependant on n [V ] .

The function Log 1s theretore a linear function of the

Logd!
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For laminates, it has been shown that when the thailoare 1o f b
rupture dominated, the acoustic emission rate can be desceribea analitical-
ly in the same way os tor unidirectionnal composites, In that case, the
coefficient n which are obtained, are penerally lower thiarn those Sbhtainea
with unidirectionnal composite (Tahle '1). The values o! the porancter

Specimen no (ne°, 90)% (z15°) (oe, moe 1)

n 0,99 '\),98 O’Qf» vy

Table I1 : Values of n for each type of specimen

]
n is then an indication ot macroscopic effects (ply ruptures) which do Yo ‘1
not evolve. This has been verified by the analysis of amplitude .
histograms during creep conditions on (0°, 90°) and (0°, 90°, T) . ]
materials, T stands for cloth layer oriented at 45°. In these conditions? R
the cumulative amplitude histograms are very similar to those obtained on
unidirectional composites and do not show high amplitude distribution ————
(Fig. 1)} as has been noticed during tensile testing. Then the existence "
of ply craks in a 90° layer in a (0°, 90°) composite, for example, will
lead to a change of n signifiying greater "damage accumulation in the 0°
layers while the damage in the 90° layer does not progress but has an
influence on the activity of the O° layer.

b. Proof Testing
The variation of coefficient A as a function of applied stress )
can be obtained by applying steady loads at increasingly high loads loung
: X £ b
enough to determine the rates of emission as well as the precise value of ) A
n. The parameter A has been found Lo obev the relationshiyp » [
g ..
koot . N
A Ae i) N
wherc o andd koare concstants and o tpe anp e strenss, B
L4 .
Gocvitter Gt gy ropertier Do gnberent Qoo Dot o g T he .
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reterence to equation (1), 1t can be seen trom Fig.
inverse relationship between the parameter k and the
The coefficients k have been obtained with two

1200 MPa., It s

time constant 1 for given specimens. From equation

d
when Log (ﬁ) = 0
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also possible to correlate the stress
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It can be seen that the time constant 1 is a function of the total number
of emissions, including the emissions produced during initial loading
until the condition Log t - 0 is reached at the rate given by the
coefficient A. There appears to be little correlation between No and the
breaking strength but there is reasonable correlation between 1 and the
stress at failure, as it can be seen from Fig. 10. The coefficient k and
tcan be obtained during proof testing at low loads which allows an
extrapolation of the behaviour during service condition and using the
life prediction model as a statistical treatment of these parameters, a
better prediction of the stress at rupture could be obtained.
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Fig. 10 : Correlation of the coefficient 1 obtained during a creep test
(1200 MPa) and stress at failure for 914 CTS unidirectional
composite materials.

Conclusion

Although acoustic emission is & glokal and indirect technique,
1t 1s possbile to use it in both a quaiitative and a gquantitative way to
define the accumulated damage in CFRP. Amplitude analysis enables first
ply failure detection and alsc discrimination between fibre breakage,
matrix cracking or interfacial failure and 3¢ reveals the effect of
internal strecs: which can be due to the uring oycle on Jdifferent
nnidirectional ¢ 0 kP specimens. when 1t 1o fabre fallure loninated,
countang events cnahles damoape o be qaanmtaitied as o well o the dermnition

of damage wineti-s, These are raelated to the rheology of the matrix bt
also to macroccopic defects Cfirat piv tailure) which do not proyroess,
statistically, certarn or the parareters characterizing the kinetics cap

be related to the brealing strength of the material, All these presnlto
mipht. be taken nto o eccount o for exarg le, during prool oot oy g tter
fabrication.
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Discussion of Session IV

Strictly speaking acoustic emission 1s a destructive rather than non-
destructive technique. However, since acoustic emission is widely used to
monitor the properties and behaviour of fibre composite materials, 1t was

decided to include it in this workshop.

Y L Hinton, R J Shuford and W W Houghton of the Composites Development
Division, Army Materials and Mechanics Research Center, Massachusetts 02172
have investigated acoustic emission during cure of fibre reinforced
composites, and conclude that acoustic emission is a potential in-process
quality control technique for resin-based materials. Acoustic emission data
(including events, counts, count rate, rms and amplitude distribution) and dc-
resistance data were collected during the cure (heating) and cool-down of 6-
ply SP250/S glass and Fiberite 934/kevlar 49 prepreg laminates. Acoustic
emission appears to be very sensitive to microstructural changes in laminates
occurring during the cure. The acoustic emission observed during the heating

phase 1is thought to be due partly to outgassing of the resin and partly to

cure shrinkage (caused by polymerization/cross-linking), whereas the acoustic
emission during cool-down is attributed to the creation of residual stresses

associated with mis-match of thermal expansion coefficients between fibre and T

|

matrix materials. Under identical experimental conditions, kevlar/epoxy *
laminates produced significantly more counts with higher amplitudes than the T ?
glass.epoxy laminates. Correlations were found between the acoustic emission e
[ activity, the dc-resistance and the resultant residual stresses. A :755;;
r.' preliminary account of this work has been published in US Army publication -
. - .
g AMMRC MS 82-3, May 1982).
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Session V:

Control of fibre orientation in short fibre composites
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A NON-DESTRUCTIVE CONTROL OF FIBER CONTENT AND ORIENTATION
IN SMC-ARTICLES

G Menges and H Cherek
Institut fur Kunststoffverarbeitung (IKV), TH Aachen, West Germany

Fiber reinforced compression moulded parts with complex geometries show a wide
variation in their mechanical behaviour. The reason for this is the undefined
flow direction, which changes from cycle to cycle and produces different fiber
orientations and different fiber contents at critical points in the moulding.
With manually operated moulds and presses these differences have to be
tolerated. It 1s evident that there exists an urgent need for non-destructive

quality control of critical points on every part produced.

We now suggest that this quality control is best achieved by an X-radiographic
method in conjunction with automated optical assessment. Hitherto we have
used the birefringence of a laser beam transmitting an X-radiograph (Menges
and Geisbasch 1979). 1t is demonstrated that information about the average
fiber distribution and fiber orientation is thus obtained.

NONDESTRUCTIVE QUALITY CONTROL OF HEAVY-DUTY COMPONENTS

Variable flows of mat packets and resultant wundesirable orientations and
separations must always be expected. In shaped components which have
supporting functions, e.g. 1in aircraft and automobile construction, it is
especlally not possible to do without quality control in respect of quantity
and direction of fiber. Such tests may be either destructive or
nondestructive. Since destructive tests, because of the lack of
repeatability, are unable to supply representative findings for the

manufuacturing process, nondestructive tests methods are of special interest.

Work on a variety of nondestructive testing methods is being done at the
Institute. Thus, the measurement of several characteristic wmechanical

properties, such as deflection under load or the like, permits conclusions to




= =

;?{ be drawn as to the quantity and position of fibers in the component. This ‘;ﬂ

Z‘é method, however, 1is specific to the component and must still be confirmed by N ;?J

: practical experience. -

3

A method 1s presented here which permits the quantitative determination of .

.Lj fiber orientations and local fiber contents by means of X-radiographs. The -
reinforcing fibers appear on the radlographs as transparent rectangles on a

'i;; dark background which, upon irradiation with coherent light, generate special i?“

p diffraction effects. Evaluation of the resultant diffraction pattern by ;

f computer, permits exact calculation of relative local fiber contents and }

orientations in the X-rayed sector of the component. The mathematical bases

and derivation of the method of evaluation are explained in the Appendix to

‘ this report. Studies relating to this subject area will also be found

‘ in Meyer and Erber (1977), Polato, Panini and Gianotti (1980), Lipson and
' Lipson (1969) and Kreis (1984).

l.1 Instruments ?i:iﬁ

Figure 1 shows the test setup for the evaluation of diffraction images of

radiographs.
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An unpolarized He-Ne laser beam with wavelength 632.8 nm and power 5 mW serves
as the light source. The beam diameter of 0.83 mm is expanded to 8.3 mm by
means of a beam expansion adapter. The collecting lens located behind the
diffracting object 1in the standard test setup for the visualization of
diffraction images (compare for example Lipson and Lipson, 1969) is omitted in
the present case. Instead, a slightly convergent bundle of rays 1s produced
by reducing the focal length of the optical expansion system to 800 mm, this
sharply images the diffraction pattern in the focal plane of the optical

expansion system and focusses the diffuse beam to a point.

The photographic film holder for the radiographs 1is moveable 1in both
horizontal and vertical direction by way of computer-controlled stepping
motors, so that each point of the picture can be moved into the path of the

laser beam.

A rotating slit diaphragm, likewise computer-controlled, 1is located in the

focal plane of the optical beam expansion system (Figure 2).

Figure 2. Rotating rectangular diaphragm
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Because of the very high light intensity (see Appendix), the diffuse beam

concentrated on the focal point is screened out of the continuing path of rays
for all angles of rotation ¢ of the diaphragm. Hence a considerably smaller
measuring range and a correspondingly higher resolution may be selected on the

photometer.

The smallest step width of the stepping motor operating the diaphragm is 0.9°.
With the speed reduction ratio of 4:1 between motor and diaphragm drive this
results 1in a resolving power of the angle of rotation ¢ of 0.2250, or,
expressed in another way, 800 test positions during a half-turn of the
diaphragm. Each test value i (¢) thus obtained then corresponds to the light
intensity of the portion of the diffraction image passed by the diaphragm. It
is shown 1in the Appendix that the intensity i (¢) thus measured for the
diaphragm angle ¢ 1is directly proportional to the number N(a) of the glass
fibers oriented at the angle a = ¢ - 90°,

I (¢) = N(a) (1)
For reasons of symmetry,
I(¢) =1 (¢ + 180%)

also applies, so that only a half turn of the diaphragm is ever required in

order to plot all the data.

A microprocessing system based on Motorola’s 68000 is used to control and
evaluate the measurements. By means of suitable interfaces and stepping
motors, the computer is able to position the radiograph, preset the angle of
rotation of the diaphragm and read in the intensities measured on the
photometer. In addition, a printer with graphics capabilities is added for
printing out the results, With a view to easy expansion and good
maintainability, the evaluation programs have been written in the high-level

structured programming language '"SORBAS".

On scanning of the diffraction image the large number of positions of

diffraction pattern relative to diaphragm slit produces geometric fuzziness in
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the measured intensity values and this prevents direct conclusions as to the
numbers of fibers. This fuzziness is the result of optical interference
attributable to the test set-up. Figure 3 shows the influence of this
fuzziness on the intensity distribution for an ideal lattice of rectangles
with direction of orientation a = 0°, The reproducibility of these
influences, however, makes it possible for the computer to eliminate them from
the intensity distribution. The result of this process for an 1ideal
diffraction lattice having the two orientation directions a = 170° and a, =
0° and a line ratio of 2:1 is shown in Figure 4. The relative percentages of
fiber in the two directions of orlentation can now be read off directly on the

diagram.
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Figure 3. Integrated intensity of a lattice of rectangles

Because of the many unknown influences on the proportionality factor (X-ray
conditions, film density, scattered light, laser 1intensity, etc.), the
proportionality of the Iintensity test values to the numbers of fibers

(Equation (1)) does not lend itself to determination of the absolute number of

fibers oriented at the angle a. The relative number of fibers oriented at’

each angle may, however, be determined very accurately by means of the
computer. The reference area for measurement of this orientation parameter is

then 1in no way limited by the diameter of the laser beam. Owing to the
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Figure 4. Integrated intensity and number of fibers of a cross lattice ’f
— et
facility for displacement of the photographic film holder, the entire l;i:if
radiograph can be read point by point in successive measurements and l,;}.é'
reconstructed in the computer program. By this method the intensity “;;’i?

distribution of the respective diffraction image is plotted by way of the
angle of rotation ¢ of the diaphragm for each point. If attention 1is paid to
even illumination of the film when the X-radiograph 1is photographed, and the

photograph is properly developed, the proportionality constant in Equation (1)

" may be regarded as constant over the entire film so that test values of [
"" various points on the picture can also be compared directly with each other. '_;i; . _';:3'
:-j', Flow-induced separations ('resin pits") or accumulations of fiber can thus be ~.'j'_?:§
: reliably detected. The resolution of the method is thereby determined in lr;‘»‘_:‘ :
F . advance by the area sampled, 1i.e. by the diameter of the laser beam. Local ;;;";;.J
;-’ differences within a sample area cannot be detected because of the integrated ——_——«
;' character of the measurements., -
- '
To assist interpretation of the results, a graphic presentation is generated . ' .
¢ by the computer, representing an idealized image of the fibers in the sector S
of the component inspected. Although no direct correlation exists with the
] 0




actual location of the fiber, these graphics have proved to be very good for

analysis of orientational states and detection of mechanically weak points.

An orientation parameter, independent of direction, which reflects the degree
of fiber alignment 1in freely selectable sectors, serves for the general
description of orientational states in the component. Application of the

method will now be demonstrated for several practical examples.

2. Examples of application

"“Acceptable” radiographs, which of course are not always obtained are
naturally always a pre-requisite for the determination of fiber orientations
by this method. The results of studies in this subject area, together with
general instructions for X-radiography of SMC components, are summarized by

Nottrott (1983) so details of the technique will not be discussed.

In many practical cases of application, for example 1in two-dimensional
components having a wall thickness of several millimeters, the preparation of

radlographs presents no great difficulties.

Example 1

Figure 5 is a schematic drawing of an automobile bumper (fender) produced in
the molding process, with the location of insertion of a blank identified by
the shaded rectangle, and the sector inspected by X-radiography identified by

the broken rectangle.

- /
positon of charge nspected areo

Figure 5. HMC bumper
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The raw material consisted of a pre-preg layer with unidirectional continuous
fiber reinforcement and two surface layers with random short fiber
reinforcement (HMC). The fiber 1image generated by the computer and the

intensity distributions of two test points are shown in Figure 6.

ideoiized image of fibers

TH' T ! B
IS TL —+— -+
% \ X | .
g .
F— — 4
L -
rotohng angle y rolating angle ¢
Figure 6. Fiber distribution in an HMC bumper

Here only the relative number and the orientational state of the fibers can be

obtained from the 1image. In the left half of the ideal fiber 1image the

aligned continuous fibers do not appear as continuous fiber 1images. Instead

they appear as highly oriented short fibers.

In this «case the blank packet imserted {nto the die turned out to be too

short. Since the unidirectional layer is not capable of tlow in the direction

of orientation, the critical boundary reglons of the bumper were filled only

with the irregular fiber layers flowing off the surface layers.
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Example 2

In a rectangular plate of SMC, a region with mould boundary lying parallel to
the direction of flow was inspected. Figure 7 shows the flow rate 1in the
center of the flow channel and the resulting fiber orientations in the

finished part.

47
NANNN

<4

velocity of compound flow

AN N

ideclized image of fibers

Figure 7. Origin and nature of fiber orientations in SMC parts.

Here the preferred orientations 1in the region of the wmould edge are
attributable to excessive shear stress of the material due to adhesion to the

wall in the mould-filling process.

However, a similar fiber image 1is also obtained in the case of wunfavorable
flow-front travel in the filling phase. When blanks are not centered in the

mould, 1in some cases the main flow front is surrounded by flow from already

filled mould regions. In addition to the strong orientations which, owing to .

the high shear of the detoured flow front are produced in the narrow flow
channel between main flow front and mould boundary, a bond line results. Bond

line fractures on removal of the moulded part are the inevitable consequence.
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Example 3

An unfavourable flow may lead to strength problems in the case of inserts too.
In this example a mounting strap about 4 cm wide was reached transversely by
the flow front. The resin pits produced behind the strap in the direction of
flow are clearly detectable in the fiber image (Figure 8).

accumulaton of fibers nsert lock of fbers
N\, i /

e emacan

Y AT

drection of flow —2>

Y

Figure 8. Lack of fibers caused by inserts

When their cause 1s known, such weak spots can usually be eliminated by
alterations to the geometry of the blank and/or of the place of insertion of

resin mats.

Example 4

Accumulations of fibers before dummy areas which are reached by the flow front
only 1in the process of filling the mould are another frequently observed
problem. In the worst case such fiber accumulations hinder the transport of
fibers past the dummy area to more distant regions of the shaped part. This

was the case in the component whose fiber distribution is shown in Figure 9.
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Figure 9. Fiber accumulation at a dummy area

1f the problem cannot be solved by altering the location of the insert, which

- frequently the case in practice, checking of the suspect regions of the shaped . _,Nj
L )

; part is especially important. C .,

Example 5 o %t

{ e

) In all cases the flow distance influences fiber orientation and hence the © <!5

R strengths of SMC components. Figure 10 shows the curve of the orientation
LT parameter, 1independent of direction, over the flow distance £ in a SMC part

which was moulded at a constant compression rate.

In this case the increase of orientations with growing flow path 1s explained ;t:”

by the elevation of shear rates in the moulding material at decreasing flow ‘ fiﬁ.j
channel height and almost constant compression rate of the press. Not until fAJ'Fi
]
,: the end of the flow path at the mould boundary is there again a decrease in - f'!!

the orientation parameter, owing to turbulences in flow of the fibers.

The examples presented show how important fiber orientation and distribution

measurements are for quality control and calculations of the strength of SMC ——
parts. But 1in addition, such measurements also permit an increase in the
,;' quality of moulded parts generally. On modern presses, for example, the
compression rate can be varied over the flow path. Owing to the possibility
to control the positions of fibers in the component, the compression rate can
then be optimized so that the strength-reducing orientations shown in the last 3{[:&}

example become minimal.
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Figure 10. Orientation parameter as a function of flow distance
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For a wave diffracted by a slit, the amplitude given by Fourier theory is

+a/2
p(u) = e tU-X dx
-a/2

where the phase shift
27
U= ==x.sin@

u

u = wavelength

§ = diffraction angle
a = slit width
Hence -
1 - +a/2 a.sin 224
¢(G) - - [ e~ 1iux ] - 2
iu -a/?2 a.u
—Z

And the intensity is

(@) = 1)1
For a slit with a definite length b, we use the two-dimensional Fourier
transformation:
p(u,v) = [ [ £(x,y) e~1ux o~1Vy 4x.dy
—m =

For more than one slit in the plane the amplitude will be

N . (x - xj) 1 for |x| a/2?
f(x,y) = 2 f recf =
j=1 a 0 for other cases

With this the diffraction pattern of the plane with many rectangular slits of
dimensions a x b corresponds to

, - a.u b.y N i
A ¢(u,v) = f.a.b.sin 2 .sin__2 . Z .e 1u'x3.elvy3
- a.u b.v j=1
L 2 2
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And for whole intensity

(5,v) = 14 (3, v)i2
- a.u b.v
= f.a.b. sin 2 . sin 2
a.u b.v
2 2

N N -
Y. 7. e-iu(xj-xl).e-iv(yj—yl)
j=1 2=1

The summation on the basis of probability gives finally for the intensity for
cases (u,v) # (0,0)

" a.u bovy 2
I(u,v) = f.a.b.sin 2 . sin 2
a.u b.v
2 2
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ORIENTATION MAPPING

F.C.Frank

H.H.Wills Physics Laboratory
Tyndall Avenue, Bristol BS8 1TL, England.

Apstract N

FEN

The orientational statistics of uniaxial objects (e.g. B
chopped fibres, discs, or crystallographic poles) can be
fully displayed in a two-dimensional map: customarily in the
stereographic projection. Essentially triaxial objects, on o
the other hand (e.g. crystal lattices, or chopped ribbon) L
require three parameters to specify their orientation, and '

therefore require a three-dimensional orientation map. It

can be presented on the printed page as a stereoscopic pair.

This poses the question: What are the best coordinates
for the three—dimensional orientation map? The answer is
that there are several, with various alternative merits, all
of them tounded on Buler's "Nova Methodus.." of 1776 (not the
Euler angles) which utilizes the theorem that any change of

orientation ot a rigid body can be represented as a single

rotation through an angle  (0<y <# ) about an axis repre-

. sented by the unit vector

E_‘“:

b o 2 2 2

e = : + =

i 2= () 4]+ 25+ 2= ]

". on this basis, choosing a standard orientation to be repre-
=y sented by the point at the origin, any other orientation will
:{-'.:{ be represented as a point at:

n"_“-‘? o )

. A= _l_ . flw)

where f(w ) is same function of w , monotone increasiny 1n

{0<w <n) and preterably antisymmetric (t{(-w ) = =-f(w)).

Choices with particular advantages are:
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() t{lw ) = Kkw,
(I t{w ) = sin-:Lw P
(ITDt(w ) = tan <w ,
3 2 1/3
(IV) t(w ) = [Z(w—sinw )]

These tunctions are sketched in tigure 1.
(I) has the merit of crude simplicity: it suffices tor

purely topological arguments.

(1I)is algebraically advantageous. The Cartesian components
of A :

— .1
( £ n ,c)-(£1,£2,13) sin 5

together with

form the real and imaginary components of elements of the

unitary 2 x 2 complex Cayley-Klein matrix which affords the
most efficient way of calculating a combination of rotations

(€ +,n ,Z,x ), though never actually used by Euler are called RIS
the Euler parameters by whittaker (1904). R
» d

]

(II1)yields correspondingly the parameters of Rodrigues RN
(1840) : el
(R1'R2'R3) = (& /X N /X XS /X ) t,.' ‘%

= (wl,wz,w3) tan —;— W oy -_:"-.j"":\';_‘;'_:_‘.

which yive the yeometrically most advantageous map: because
the trajectory of the map-point tor a continuing rotation Ry
about one axis following a rotation_}_{A about another axis is
a straijht line: and the orientationally equidistant surtace
between two Jlven orilentations 1s a plane, Rotations BA
tollowed by R, are cambined by Rodriges' vectorial formula

(given originally, of course, in a ditferent notation).




o N L TR TR T AT LN Vg W g O W W T - ~ - Calll™ - Padiif i it s > - - b T R T e T U T

al
¥

Be = Byt Ry - Wy % B
ﬁ The demerit of this map compared with the other three is

that the complete orientation map space extends to intinity.
(IV) yields the statistically advantageous map, in which a
perfectly random orientation population would produce a

perfectly uniform density of map-points.

Stereoscopic presentation

Having determined coordinates in the orientation-map,
xl,){l,zl (e.g. Cartesian camponents of the Rodrigues vector)
for each of the members of a population, a stereoscopic ‘
- -]
® presentation is obtained by plotting, for the left picture ‘ ’
i ]

T y'+x'/10, 2! and for the right picture

o . o
v'-x'/10, z'. Other combinations give other steoreoscopic |
o

)

views.
Symmetries SRS

If the objects under consideration have discrete rota-
tional symmetries (e.g. when they are crystal lattices) one

orientation will be represented by more than one point in the

'
i
i

® orientation map: e.g. 24 points, for cubic symmetry, or 4 . ‘1
R for orthorhombic symmetry (chopped ribbon). The advantageous RN

. convention then is to choose from these alternatives the ‘\]

point with least , SO utilizing only a fraction of the 4

) whole space of the orientation map, in a cell around the m”é
S origin. 1In the Rodrigues map this cell is a polyhedron with . 1

: plane taces. For orthorhompic symmetry it is a cube: tor -

- cubic symmetry it is a semi-regular (Schlifli 823) truncated -
" cube. -J

For certain problems, e.y. considering the relative

A orientations of the cubic lattices of neighbouring pairs of

P ISISIIDS\

@ grains in a polycrystalline metal we can make a further

reduction ot the utilized space in the orientation map;
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tirst, changing the signs ot coordinates to make all
positive, and then permuting them so that

x> ¥yt > 2t s oo,

The utilized space is thus reduced to a pentahedron (a
singly truncated tetrahedron) which is 1/48 of the truncated
cube.

ton w

wy)
f(w) (.Ih(w—lir'l(m))”J

Iin(u//z)

Figure 1. The tour choices for the radial scaling tunction
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Text

In the context of this workshop my contribution is

largely Zukunftsmusik, because in the context of plastics,

with or without reintorcement, I do not yet know of a case

where full three-dimensional information about the orien- ;in
tational statistics of its anisotropic components is avai- !u;;i
lable. when the reinforcing components are needles,e.qg.
chopped fibres, or discs, two parameters suffice to define
their orientation, and a two-dimensional map (customarily in
sStereographic projection) sufices to display the orient-

ational distribution. For objects, all similar, but lacking

B B
P
. e D
sl PR I

uniaxial symmetry (e.g. chopped ribbons as reinforcing ele-
ments, or crystal lattices) this map cannot display the full
information.

The problem is familiar in metallurgy, in which the
properties depend on the lattice orientations in the grains,
but the metallurgists must usually content themselves with }
the less complete information given by pole-figures, which *“_]?
are two-dimensional stereographic maps showing the statistics
of orientation of particular crystallographic planes.

I was first presented with the problem nearly 30 years

ago by Cecil Dunn, who was professionally engaged in de- Ty
termining pole-figures, but, realizing the incompleteness of ;}
this intformation had gone to the trouble of using a finely 'E
collimated X-ray beam to obtain the complete crystallographic ‘i
orientation of 200 grains, one at a time, in a specimen of "“'i?
steel. He raised the gquestion, what was the best way to ‘:é%
display the result? He was aware that he would need a three- _Fﬂﬂ
-dimensional map, and proposed to use the Euler angles de- t;i
e tining rotation trom one standard orientation as mapping "';;

coordinates, I told him he should not use these, and showed
him how to define a more symmetrical set ot three coor-

dinates., The matter has remained dormant because the expe-

e
Ao oo

L rimental side ot the problem was too time-consuming: the

Ty

- back-reflection Laue technique required an exposure ot about
T -% an hour per grain, and Dunn's 200 was not enough tor real

statistical significance. Today, using Kikuchi patterns

P

L produced in the electron-microscope, with an on-line micro-

computer, more than one grain-orientation can be determined

, ,
. .o,
P .A’ IO

RS - 2" o « B




ol i = - " A
e RS AT A A D o /e -2 on b sadiah Wb B S0 NI AL A b AL ARSI ENLARE SRIRIPE A . . c . . RN
R

-
\ -

o

;-

" per minute (and the time 1s capable ot being shortened), so

.

the proolem becomes a practical one, at least in the domain
ot metallurgy. The same technigue should be applicable
whenever crystals are used as reintorcing components 1n an
amorphous matrix, and other rapid technigques should be devi-
sable tor other cases where the orientation of components can
be of importance for the macroscopic behaviour of a material,

What I did not know when Dunn consulted me was that had
he been able to consult EBEuler he would have received just the
same advice: don't use the Euler angles. In 1776 Euler
published two successive papers in Novi Commentarii Petro-
polis. 1In the first of these "Formulae generales...", trea-
ting ygenerally the mathematics of displacement of rigid
bodies in three dimensions, rotations are parameterized by
use of the Euler angles. It will be appreciated that given a
mathematical way ot specifying rotations we obtain imme-
diately a way of specitying orientations by adding a con-
ventional choice ot one standard orientation: any other

orientation 1is then specitied by its rotation from the stan-

dard orientation. In the second of these papers of 1776,
"Nova methodus..." Euler introduces another and more sym-

metric way ot parameterizing rotations by use ot his theorem

U Y SR S

i

SRR ¢
N W W,

that the rotation from any one orientation to another can be -

specitied by an axis ot rotation, and an angle ot rotation u

about that axis, uniquely apart trom multiples of 27 in w.
] Accordingly, he recommends as parameters to detine a rotation
b the three direction coslines (only two of which are inde-

as pendent) of the rotation axis, together with the angle w.

Neither EBuler, nor any ot the early writers on the subject,
speak of mapping, but in the spirit of Euler's "New Method"
- we may take as a1 mapplng veotor tor rotations (or orlien- S
p tations, 1t we represcnt the standard orientation hy the
point at the origin) the product ot the unit vector ij cor-

respondin. to the rotation axis (whose components are the -
§ L :

atoresaid directi1on cosines), with f(w) which 1s some func-

. tion ot w, monotone increasing up to o = v, and desirably an
odd tunction. All maps 1n which the representative point is

- removed trom the origin by the vector:

@ A= 20 L tw) (1)
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l.e. 1n a direction corresponding to the rotation axis by a
distance signifying the rotation angle, may be justly called
Bulerian orientation maps.

The whole subject of the mathematics of rotation is much
bedevilled by arbitrary conventions of sign. For this, and
other related reasons, there are hardly two text-books which
agree on the standard form for the Euler angles, use of which
we are here avoiding. Even those authors who carefully em-

phasize anticlockwise omit to say whether this is seen from

the origin, or from an external viewpoint. When returning to
the subject after an interval I habitually write at the top
of the page my mnemonic ALI-CLO. A positive rotation is
anticlockwise as seen looking in to the origin, clockwise as
seen looking out from the origin.

Just as in mapping the Earth on to a plane no one pro-
jection combines all possible advantages, so in orientation
mapping there are several different advantageous choices for
the radial scaling function f(u). Four which can be

recommended are:

(i) £lw) = Ko (2)

(with k =-%-for agreement with the others near the origin)

(i1)  f(w) = sin 2w (3)
(iii) f(w) = tan 3w (4)
(iv)  flw) = [ (u-sinw)) /3 (5)
(1) has the merit of crude simplicity. It is the mapping I
recommended to Dunn. With k = %5 all possible orientations

are mapped within the sphere of radius =n/2.

(ii) maps all possible orientations within the sphere ot
radius unity., Diametrically opposite points (rotations ot +x
and -n) must be deemed equivalent to each other. This scheme
has geometrical advantages over (i) but 1ts chiet advantage

is algebraic because the Cartesian components ot A:

AR J.. PN
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(€, n, ¢) = (22, 22, ) sin 2w (6)
together with
X = cos ZLu (7)
2

form the real and 1imaginary components of elements of the
Cayley-Klein matrix, to be considered fturther below. The

parameters £,n,f,x appear 1n German literature as A,B,C,D.

The proper name for these parameters is a matter of some
dispute, whittaker (1904) calls them the Eulerian para-
meters, giving reterence to Euler's two papers of 1776 1in
which, however, they do not appear. They are called the
Eulerian symmetric parameters in the publisher's note which
appears as an introduction to Klein and Sommerfeld's "Theorie
des Kreisels" (1897): but in a tootnote (p60 of that book)
this name 1s given to the Rodrigues parameters A,u,v (which
does Rodrigues less than justice)., In the main text ot that
book they are called the quaternion magnitudes (Quater-
niongrbssen). That name, or perhaps preferably quaternion
parameters, 1is correct. But one need not 1nter from this a
need to learn guaternion theory: a knowledge of the rules ot

matrix multiplication will suffice.

(iii) yields the parameters of Rodrigues (1840), components

of what we shall call the Rodrigues vector:

Jl = Al' A2, A3) = (A,u,V)
= (&/x, n/x, ¢/x = (A/D,B/D,C/D)
- o 0 0 1
(ll, J?.z, 9.,3) tan 2w (8)

(These parameters A,p,v, ditfer by a tactor 2, advantagyeously

omitted, trom thosc ot Rodrigues).

Apart trom the demerit that tor all possible orien-
tations it extends to intinity, a demerit which disappears
when the objects considered posscess rotational symmetries,
this gives the geometrically most advantajeous ot orientation

maps. The bact that the carllier wrilitors sere more concerned

-
L PN

l
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with algebra than witn geometry, and did not think 1n terms

ot mapping, has caused excessive disregard for Rodrigues'
admirable paper. It was the tirst full development atter
Euler ot his "new method", and the first to make systematic
use ot tunctions of the halt angle. As a sample I give his
construction (which would surely have pleasued Euclid) to
tind the resultant rotation axils for two successive rota-
tions, represented by Rodrigues vectors P and Q. Inciden-
tally it will show how the half-angles naturally enter the
problem. Let OP, 0OQ, be lines from the origin corresponding
to the axes of the two successive rotations. Cast a plane
OPR throuyh OP making an angle —'%mp with the plane OPQ, and
another plane OQR through 0OQ making an angle + éwQ with the
plane OPQ: they intersect in OR. The first rotation carries
OR to OR', its mirror image in OPQ. The second rotation
carries OR' back to OR. OR is therefore the line in the
rigid body which 1s in the same position after the two ro-
tations as 1t was before: it is theretore the axis o0f the
resultant rotation.

T omit Rodrigues derivation of the magnitude of the
resultant rotation. Throughout his paper one perceives
ftormulae which would have been simplified by use ot vector
notation, which, however had not yet been 1invented. This 1is
most striking in his expression for the resultant Rodrigues
vector R, from successive rotations expressed by thelr

Rodrigues vectors P and Q, which, so written, becomes

>

R=PFP+Q-PxQ

1 - P . (9)

@]

a valuable tormula, much less widely known than 1t ought to
be . [t makes plainly visible the non-commutative nature ot
rotations, 4and the ract that this is a second order property,
disappearing tor intinitesimal rotations.

One 1mportant geometrical property ot the Rodrigues map
tollows 1mmediately trom this tormula, namely that tor a
continulng rotation @ (now, ot varying magnitude about a
tixed axis) tollowingy on an arbitrary tixed rctation P the
trajectory ot the representative point R 1s a straight line,

This 1s selt-evident when Q and P are orthojonal, 1.e. when P
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Lles anywhere 1o the e thvrowjh the osrigin orthogonal to

Q: Dbut since the set ot trajectorties trom all such points P

tor a jiven direction ot Q reach all points in the inifinite
map space the same must be true tor any direction ot P.

A second most valuable jeometric property ot the Rodri-
gJues map 1s tnat the nrlentationally equidistant surface
between two orientation points P and Q, tha*t is, the locus ot
points R representing orientations from which equal magyg-
nitudes of rotation, |w| , are required to reach orientations
P and Q, is a plane. This is most easily proved alge-
braically by way of the parameters of system (11i) and use of
Cayley-Klein matrices.

The best intcsoduction to Cayley-Klein matrices is pro-
bably that given in the first chapter ot Klein and Som-
merfeld's book "Theorie des Kreisels" ("Theory of the Top")
(1897). This beygins from a consideration ot stereographic
projection, 1t (x,y,z) 1is an arbitrary point on the sphere

2,2, .2 1,

X“+y“©+2z° = its stereographilic projection, trom the centre

of projection (0,0,1) on to the plane 2z=0 is (u,v,0) where:

X M
R R (1o
Form the complex number
W= u+ 1v,. (11)

Then it can be shown that 1t the sphere 1s yiven an arbitrary

rotation, bringing (x,y,z) to (x',y',z') then

v v 8
W W' = YW o+ 0§ (12)
(which should probably be called the Rlemann-Klein tractional
linear transtormation) and the comnplex parametoers a,8,yv,4

whioch “detine the rotation are related to the real parameters

t,n,¢,x detined above by

a = xtig, B = ~-n+t1¢g,
ntifg, & © x-1¢g. (13)
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Now perform a second arbitrary rotation:

i o P

T Y‘ra
. . +
1

cal

alwl +B|

W' o> W' o=
.Ylw| +6l

- allw +Bll

L ’ (14)
Y"w +6"

AT Y,

By substitution one finds that

() = (e)- () .

Thus the combination of rotations 1is represented by
multiplication of matrices. These 2x2 complex matrices, each

of which represents a rotation, are Cayley-Klein matrices.

Among other properties they have determinant 1 (because 52 +
n2 + cz + X2 = 1) and the inverse matrix, representing the
opposite rotation, corresponding to changing the sign of
o
L

either or w, 1is obtained by transposing the matrix and

taking its complex conjugate.

Given the Cayley-Klein matrix defining a rotation, Eq
(12) affords a prescription tor the way the rotation operates

on any vector in the rigid body. From this we can readily

o

derive the customary real 3x3 matrix for transformation ot R

" |

vectors by rotation, in which the elements are made of
squares and products of the parameters £,n,g,X.

Just as combination ot rotations 1in the plane can Dbe
expressed either by multiplication of complex numbers, or by
multiplication ot 2 x 2 real matrices, so in three dimensions
rotations can be combined either by multiplying 3 x 3 real S
matrices or 2 x 2 complex matrices: and the latter 1is more :?ﬁh
economical ot effort, requiring in a numerical example less

than halt as much arithmetic.
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[he Cayley-Klein matrix can be expanded as a sum of tour

simpler matrices:

= (16)

a B) X + 1z -n + 1k
n + i¢g x - 1ig

Yy &

0 1 0 -i 10 10
= 1€ ( )—in( )+i;( ) +Y ( ) (17)
1 0 i 0 0-1 01

One of the first three terms plus the last makes the Cayley-
-Klein matrix ftfor rotation about the x,y,or z axis., The
tirst three of these simple matrices (the last being just the
unit matrix) are called the Pauli matrices. They are regu-
larly used for calculating rotations in guantum mechanics.
They are accordingly often called the spin matrices, a name
which regrettably conceals the fact that they afford the most
economical means of calculating rotations of any objects in
three dimensions. :

When the objects to be mapped possess rotational sym- ;—4¥J
metries there are several indistinguishable orientations, to E.‘fﬂ
be represented by different points in the orientation map. ;

For example tor chopped ribbons, or for ellipsoids, or crys-

tals with orthorhombic symmetry (i.e. objects with 3 2-fold
axes of symmetry) there are four indistinguishable orien-
tations: if one is represented by the point at the origin,
the other three are at points on the x,y,and z axes at dis-

tances corresponding to rotations of w = +n: each of these

pairs is to be counted as one. In the case of cubic symmetry
the 4-fold, 3-fold and 2-fold axes generate 24 equivalent
l~v points. 1Tt is needless to plot all eqguivalent ponits in the

map, and it is an advantaygeous convention ta choose that one

which is nearest the origin, i.e. which has the smallest

value of u. . der this convention all points plotted will

fall within a domain around the origin bounded by portions of SR

yrvyevvery
.

surface each ot which is orientationally equidistant trom the SRR

standard orientation and one of its equivalents,

We may calculate the orientationally equidistant surtace
between any two orientation points P and Q by use of Cayley- S

-Klein matrices. Denoting by K the Cayley-Klein matrix for

AB
rotation trom A to B, by requiring equal values ot y in
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and K = K K_l (19)
_OR “or o0

we obtain an equation in & ,n,t defining the locus of R on
this orientationally equidistant surface. It is found to be
a complete hemispheroid spanning a diametral plane of the
bounding sphere. On transforming to Rodrigues coordinates it
becomes an infinite plane, Thus all orientationally equi-
distant surfaces between pairs of points in the Rodrigues map
are planes, This makes it the geometrically most advan-
tageous map, and the presence of rotational symmetries avoids
its one serious disadvantage, namely its infinite extent.

In the case of orthorhombic symmetry the basic domain is
a cube with faces normal to the x,y, and z axes, at a dis-

tance tan 4r = 1 from the origin. The corners of this cube,

at a dista:ce Y3 from the origin, represent rotations about
[1,1,1] of 2 arctan V3 = 1200, the greatest possible
disorientation between two orthorhombic objects, orien-
tationally equidistant from all four equivalents of the
standard orientation, In the case of cubic symmetry the
basic domain has bounding surfaces normal to x,y and z at a
distance tan %w = ¢y2-1 from the origin , and normal to
(1,1,1] axes at tan %n = 1//3, forming a Schl&fli 823 semi-
-regular truncated cube, the faces of which are regular
octagons and equilaterial triangles, so that all edges are
equal. The vertices are at (v2-1, v2-1,3-2/2) and sym-
metrically equivalent points (24 in all) at a distance of
(23—16|/2)l/2 from the origin , corresponding to rotations ot
2 arctan (23—16'/2)1/2 = 62.7994..° about <1,1,72-1> axes:
the greatest possible disorientation between two cubes.

In some metallurgical uses ot the stereographic pro-
jection it 1s appropriate to use less than the whole of the
projection, using symmetry properties to plot all poles
within one fundamental triangle between (100),(110) and (111)
poles in the case ot a cubic crystal. A similar reduction
can be appropriate in orientation mapping, particularly when

we are only interested in the relative orientations of

neighbouriny pairs ot objects ot orthorhombic cubic symmetry.
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This reduction is etfected by changing the signs ot all
negyative coordinates in the orientation space to positive,

and permuting them into an order of descending magnitude:
X ; y.> z 2 0.

This places all plots within a sector which is only 1/48
of the basic domain, itself 1/4 for objects of orthorhombic
symmetry or 1/24 for objects ot cubic symmetry, of the whole
orientation space. In a metal we might be looking for spe-
cial crystallographic relationships between the orientations
of neighbouring grains. The ordinary twins of a cubic metal
would appear as points at one vertex of this fully reduced
zone - the centre of a triangular face of the truncated cube,
The principal Kronberg-Wilson relationships would appear as
particular points along (111], {100] or [110] axes.

To display population statistics on a map ot the Earth,
one preterably uses an equal area projection, so that a
random distribution of population gives a statistically
uniform distribution of points. The radial scaling function
of mapping scheme (iv) provides the corresponding equal
volume orientation map. When the map 1is transformed by an
arbitrary change of the standard orientation, any volume
element migrates with change of shape but not change of
volume. It will, however, be a long time before in any
practical case we acquire orientation statistics deserving
the use ot this refinement,

It finally remains to make the three-dimensional map
visible., This can only be done on the printed page by use ot
stereoscopic pairs. A stereoscopic pair for a view looking
1n alony the x-axis 1is obtained by plotting 2z against y +
0.1x tor the lett and z aygainst y =-0.1lx for the right member
ot the pair.

7z versus .63hx + 778y tor the lett, and z versus .778x +
636y tor the right gives a stercoscopic pair tor the view
looking in alung [110]. A stereoscoplc palr tor the view
looking in along [111} 1is obtained by plotting 0.4083
(-x-y+2z) against 0.8660(-x+y) + 0.0577 (x+y+2z), the plus and
minus signs being taken tor the lett and right pictures

respectively.
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Discussion of Session V

In the absence of any known orientational statistics for triaxial objects 1in
polymers, it was necessary to draw on data from metals in order to demonstrate

a practical application of F C Frank’s three-dimensional orientation maps.

The orientations of the individual grains in a polycrystalline metal are
rarely, if ever, randomly distributed and, to display and investigate the
nature of distributions of grain orientations, R M Longden and J Weinbren
(1984) have used a scanning electron microscope to obtain electron back
scattering patterns from individual grains in metallographically polished
sections of both as-cast and annealed copper. In figures 1(a) and (b), and
2(a) and (b) respectively, their data are presented as stereo pairs of the
R-map for each section. To observe these three-dimensional maps, the reader

should photocopy the figures, position each stereo pair in a stereo viewer and

adjust the relative position of the pair wuntil the central markingsjEEi

coincide.

F C Frank speculated on the R-map for pure cube-textured copper. There will
be a Gaussian cluster of points at the origin. There will undoubtedly be some
twinning, represented by small clusters on the triangular faces. (The
triangular faces represent rotations about <001> of 60°, the octagonal faces
represent rotations about <001> of 45°, and the biggest rotation about <001)>,
represented by each of the 24 corners to the cell, 1is 62.95°). As likely as
not, the specimen will have been scratched during preparation, in which case a
few large grains might have nucleated. These will be represented by points on
the <100>, <110> and <111> spars spanning the origin to the octagonal faces,

cell edges and triangular faces respectively.
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One convenient classification of polymers is into those which do and those
which do not crystallise. The degree of crystallisation can be as high as 90%

by volume and the creation of preferred crystal orientations, during the

mechanical deformation of polyethylene for example,

sufficient polymer crystal preferred orientation data becomes available, that

data could be displayed with advantage by using one

dimensional orientation maps.

Another obvious polymer application for the maps

orientations of chopped reinforcement ribbon.

from sheet moulding compounds and from dough moulding

substantial degrees of preferred orientation to the

generation of F C Frank’s three-dimensional maps lends itself to computer

methods so real-time display and control of chopped

certainly feasible.
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THE PROPAGATION OF LIGHT THROUGH FIBRE REINFORCED COMPOSITES

J P Sargent and C Upstill

H H Wills Physics Laboratory,
University of Bristol, Tyndall Avenue,
Bristol, BS8 1TL, U.K.

Abstract

In gitu detection and measurement of sub-micron gaps between fibre and
matrix material in low fibre content epoxy and polyester resin composites
can be achieved by examination of the manner in which light is transmitted
in a direction transverse to the fibre axis. We consider the optics of a
matrix in which is embedded a fibre with an annular interfacial gap between
fibre and matrix, and present calculations and experimental observations
for both air and water filled gaps. Although carried out wusing model
composites, the methods we have investigated can in principle be applied to
any low fibre volume fraction composite. The experimental work reported has
shown that the presence of absorbed water gives rise to a small (~0.3%)
permanent increase in refractive index of the matrix resin.

For gaps larger than a few wavelengths, we show how a simple R
geometrical optics ray tracing procedure may be used to describe the L
critical angle, a more useful approach i1s in terms of evanescent waves,

which give rise to transmitted waves beyond the gap as a result of optical Tl

tunnelling. We present calculations of the flux transmitted across -

interfacial gaps for plane polarised 1light and compare these with ¥

experimental observations. Using the fact that a phase shift difference is ._..«..-!

introduced between the TM and TE evanescent waves which have optically T

tunnelled through a small interfacial gap, we show that such gaps may be

readily detected by observation of the bright contrast which they produce

when viewed between crossed polars. In addition, we demonstrate how

) quantitative measurements of very small (~ nm) gap widths can be made from

® measurements of the phase difference between the TM and TE transmitted - q
waves. Finally, we discuss the use of the exact theory for the scattering :

of electromagnetic radiation by coaxial dielectric cylinders.

/|
distribution of light. For small gaps, and for angles greater than the A(;;i
!

Introduction

A necessary prerequisite for a fibre reinforced composite to function - ‘!
in a structurally efficient manner is that load transfer from matrix to
fibre should take place. In resin composites, it is known from measurements
of mechanical properties that realisation of load transfer is progressively
impaired during water uptake from humid in-service environments. Loss of
load transfer amounts to loss of interfacial adhesion and/or loss of the
mechanical contact that gives rise to interfaclal friction. Physically, -
this 1implies the creation of gaps at the interface. Photomicrographs of
glass—-fibre composite specimens known to have sustained mechanical damage,
or to have been subjected to weathering, frequently show fibres which
exhibit a characteristic pattern of light and dark bands parallel to the
fibre axis when viewed in transmitted light. In addition, close inspection
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Figure 1. Transmission optical photomicrograph of a debonded glass fibre

in an epoxy matrix, showing regions in which the interfacial gap
contains both air (large dark areas) and water.

of individual fibres often reveals areas of interfacial coatrast, which in
some cases are lighter and in other cases darker than elsewhere, For
example, Figure ]l is a transmission optical photomicrograph of an isclated
fibre in an epoxy/glass-fibre composite which has been immersed for 24
hours in distilled water at 95°C. In general, some of this contrast is
because of the development of a refractive index mismatch between the fibre
and matrix material and some because of the creation of an interfacial gap.

Development of a refractive index mismatch

If there is intimate contact between fibre and resin such that there
is no interfacial gap, and if there is no refractive index mismatch between
fibre and resin, then the fibre will be invisible when viewed in
transmitted light. In these circumstances the fibre will only be seen when
viewed between crossed polars; residual stress birefringence in either
material, caused by resin cure shrinkage and/or differential thermal
contraction between fibre and matrix materials during cooling from the
resin cure temperature to room temperature, shows up as regions of bright
contrast. Figure 2 shows such a pattern of stress birefringence for an

Figure 2. Transmission optical photomicrograph of a glass fibre in  an
epoxy matrix viewed between crossed polars, before exposure to
water.,
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epoxy/glass-fibre compusite photograpbed wunder crossed polars with the

microscope objective focussed on the plane of the fibre axis. The specimen -
was subsequently immersed in distilled water for 2.7 hours at 92°C and, )
with the microscope modified so that the specimen could be 1lluminated with

parallel light from a laser, photomicrographs were taken with the objective

lens focussed in the plane of the fibre axis (Figure 3a) and at a distance

of 200p above the fibre axis (Figure 3b).

1
f

PR H oo
e ) b

Figure 3. Transmission optical photomicrograph of the specimen shown in
Figure 2 but viewed with laser light and after 2.7 hours
immersion in distilled water at 92°C. (a) objective focussed on
the plane of the fibre axis, (b) objective focussed 200 p above
the fibre axis.

Images similar to those recorded in Figure 3a and b can be generated
PY simply by immersion of a glass fibre in immersion oils: in Figure 4a and b,
we show images of a single S glass fibre covered with drops from two oils T T

of differing refractive index, and focussed (a) in the plane of the fibre
axis and (b) at a distance of 200u above the tibre axis. The refractive
index of the oll differs from that of the tibre by +0.005 on the right hand
side of the figure and by -0.005 on the left, a refractive index gradient ,

° existing in the oil mixture between these two reglons. In the middle of the ) ™
{mage the refractive index of the fibre and immersion oll exactly match '
and no fibre can be seen. Comparing Figure 3 with Figure 4, 1t is evident
that 1In the epoxy/glass—-fibre specimen shown in Flgure 3 there has been a

-y

L small increase 1In refractive Index of the resin as a result of water

g uptake, and  that this causes the fibre to behave as a very weak diverging S
® ' o

. - E
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Transmisslion woptical photomicrograph ot an isovlated glass tibre
in immersion oil. On the left of the i(mave the retractive index
mismatch relative to the oil is =0.005%, and on the  right  the
refractive index mismatel is +0.005.  {a) objective focussed on
the plane of the tibre axis, (b)) ohieotive tocussed Joo o abhove
the fibre axis.

L onoteworthny feature is that the increase of relractive ndes Teooraes

permanent: 1l wis not reversed by subseqeont furthier annead in
(i 1509C to remove the diffused water.
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Figure 5. Optical geometry for a composite specimen comprising a glass
fibre (refractive index n)) surrounded by a concentric annular
interfacial gap (ny) contained within a resin matrix (n3).

2-dimengsional surfaces, which we observe in sections, e.g. as lines on a

photograph or 1in the focal plane of a microscope. If they occur, such
caustics dominate the microscope image.

Figure 6. In geometrical optics, a family of rays envelope a focal surface
or caustic (bold line). Note that the caustic 1is "one-sided".




Figure 7a. Ray diagram for plane parallel 1light incident upon a glass fibre
embedded in resin with an air gap at the interface. Fibre
diameter is D = 10p, Interfacial gap d = D/2.
b. As (a) but showing wavefronts at 4 wavelength intervals, for a
free-space wavelength A = 546nm.

Figure 7 is a geometrical optics ray diagram for a 10 p diameter,
glass-fibre embedded in resin and with an air filled gap at the interface;
Figure 7(b) shows the corresponding wavefront diagram. The caustics for
this geometry are shown schematically in Figure 8. In a real composite the
interfacial gap wiil, of course, be much smaller than that illustrated in
Figure 7. The consequence of reducing the gap size 1is to reduce the
thickness of the shadow as demonstrated in Figure 9(a) and (b). Figure 10
shows ray and wavefront diagrams computed for a composite in which a water
solution has replaced the air in the interfacial gap. Note that in Figures
7 to 10 no allowance has been made for multiple reflections from any
interface.

Figure 8. Caustics of ray family for Figure 7.
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Figure 9. As Figure 7 but with an interfacial gap d ~A/2.

Figure 10. As Figure 7 but with a water solution filled gap at the
interface. Fibre diameter D = 10p, interfacial gap d = D/2.

Evanescent wave optics of interfacial gaps

If the interfacial gap is small (less than ~\A), internal reflection is
not total beyond the critical angle and a transmitted wave appears beyond
the gap. Electric fields extend into the gap beyond the first 1interface;
these fields, which decrease exponentially with increasing distance, give
rise to evanescent waves propagating in a direction parallel to the
surface. If another interface is sufficiently close (specifically the
interface between air gap and fibre in our case), fields are excited beyond
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j{ that interface, and the net result is that some light is transmitted. This ﬂ}i&‘
be. phenomenon 1s known as frustrated total internal reflection and 1is e
v described by e.g. Feynman (1965), Hecht and Zajac (1974) and Kline (1970).

Ignoring multiple reflections within the gap, Kline (1970) gives equations achack
for the energy transmission coefficient T following frustrated total R
o internal reflection of plane parallel waves incident upon a parallel sided
. interfacial gap, between matrix and fibre of the same refractive index n),
’ for either TE or TM mode polarisation:

o TrM = 2exp(-2d/8)[1 - cos(2ayy)] (la) ﬁf?z

;} Trg = 2exp(=2d/A)[1 - cos(2aqg)] (1b) jﬁ{ﬁi

f: where d = gap width, A = A/(Zx(nlzsinzei -n 2)1/2), o
©4 = angle of incidence, aqy = 2tan™*[(nm) nz)zll(ZﬂAnlcosei)] and

arg = 2tan”~l[A/(2mAnjcosfy)]. S

: These equations are valid for d>A; note that A is a function of ©4, and -‘ﬁlq

.- that for n} = 1.55 and np = 1, A = 0.13A when 64 = 90°, and A = 0.58\ when ':1

S ©4 = 42°, Note also that the expression Kline gives for A is in error by a
. factor of cos®j, which we have corrected here.

Y

Lh If the interfacial gap is very small, then waves will be wmultiply

. reflected within the gap, with a contribution to the observed 1intensity

L; distribution at each reflection. For plane waves incident upon a parallel

oo sided gap, Kline (1970) indicates how the single~wave theory (equation 1
-2 above) may be extended to include these multiply reflected waves. The

energy transmission coefficients for either TM or TE mode propagation,

i allowing for multiple reflections, can be shown to be:

- Trm = (1 = cos2aqy)/[cosh(2d/A) - cos2ary] (2a)
=

o Trg = (1 - cos2aqg)/[cosh(2d/8) - cos2arg] (2b)
)

- where the variables are as defined for equations la and 1b.

-t

Weinstein (1947) and Carniglia and Mandel (1971) have independently
derived expressions for the attenuation of the transmitted intensity as a
s function of gap width. It can be shown that their results are equivalent to
our equations 2a and 2b above.

. Figure 11 shows distributions of transmitted intensity along that
. fibre radius perpendicular to the direction of incident parallel light. The
- distributions were calculated using equations 2a and 2b, for interfacial
- gaps of 0.5\, 0.1A and 0.01A, and for comparison we also show
® distributions calculated using equations la and 1lb (i.e. ignoring multiple
< reflections) for gaps of 0.5M and O.1A. 1In all these calculations, at each
point at which the contribution to the transmitted intensity was evaluated,
the gap between matrix and fibre has been approximated by a parallel-sided
interface tangential to the true interface (the angle of 1{incidence 1{is
different at each point).

Figures 12a and b show photomicrographs for an epoxy/glass-fibre
- specimen with an interfacial gap whose width increases along the length of
the fibre. The fibre was viewed and oriented such that only (a) TM or (b)
TE mode propagation was supported: the differences in attenuation between
the two modes with increasing gap size are clearly seen.
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Figure 11. Distributions of transmitted intensity along that fibre radius s
perpendicular to the direction of incident parallel 1light. ’

Polarisation effects associated with interfacial gaps

When the fibre is viewed between crossed polars with the fibre axis
inclined at an angle of 45° to the direction of the crossed polars, those
regions which showed dark contrast (Figures 12a and b) now show up bright
against a dark background: this effect is shown in Figure 12c. Because the e
fibre is inclined at an angle of 459, both TE and TM propagation modes will N
be excited at the interfacial gap with equal intensity. Hence the observed i ST
transmitted 1light will be comprised of a superposition of the two modes,

each of which will have suffered a phase change on traversing the -
interfacial gap, rendering the light no longer linearly polarised, but in .'gf
general elliptically polarised. Equations giving the phase shifts &y and ;Qigj
®rg 8s a function of gap width d and angle of incidence ©; (above the e
critical angle) have been derived by Carniglia and Mandel (1971): £
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Figure 12. Photomicrographs of a debonded fibre showing: (a) its appearance
when viewed with the optic axis of the polariser parallel to the
fibre axis (TM mode), (b) its appearance when viewed with the
optic axis of the polariser perpendicular to the fibre axis (TE
mode), and (c) its appearance when viewed between crossed polars
and orlented at 45° to their axes.

taﬂ@n{ = [(808291 - n12(nlzsin291 - l))/2n1cosei(nlzsin291 - 1)1/2]

x tanh[Kd(nlzsinzei - 1)1/2],

tandrg = [(n]2cos204 + 1)/2n1cosei(n1231n261 - /2
x tanh[Kd(nlzsinzei - nN1/2) (3)

for an air gap between matrix and fibre of refractive index n;, with light
of frequency K = 2xn/A.

Figure 13 shows the phase difference (®ry - drg) plotted as a function
of angle of incidence for gap sizes (in wavelengths) in the range from (a)
O tol and (b) O to O.1. Notice from Figure 13 that the phase difference
rapidly approaches a limiting value for gaps greater than about 0.2, or is
double valued. Thus, for any measurement of retardation, a considered
choice of angle of incidence should be made. It should also be borne 1in
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mind that as the gap width 1increases, the attenuation increases at
different rates for TE and TM waves. For this reason, introduction of equal
and opposite retardation will not necessarily result in complete extinction
of the transmitted light. Instead, a minimum of transmitted intensity may
occurr.
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Figure 13a.Phase difference between TE and TM modes of the transmitted wave
calculated wusing equation 3. Gap width increment {is 0.05A,
incidence angle increment 1is 2.86°.

b.As (a), but for gap widths between 0 and 0.1\, with width
increments of 0.005).




{.,
Lo ]
P

A

£
. l‘
o

.'.':"
[}

51,80

e

LA

L

.,

[ N

ks B

1 e
: P

A S

P

e fe
L r“l'

LI

1

e |
1

Ta

For a given fibre orientation with respect to the axes of the
polariser and analyser, the phase change introduced by the debonded region
is in an opposite sense to that introduced at fully bonded interfaces. This
can be demonstrated in a fibre containing a small amount of stress
birefringence by introducing a gradually increasing known retardation 1into
the optical path; in the bonded region the brightness and width of the area
of transmitted 1light gradually increases (i.e. that due to stress
birefringence alone), whilst at the same time the brightness and width of
the region of light transmitted in the debonded region (i.e. that due
primarily to the phase difference existing between the TE and TM waves)
decreases.

Adjacent to the bright region in Figure 12c there exists a dark band.
This 1s a contour of zero phase difference, corresponding to those
locations where the phase difference introduced by the stress birefringence
i8 equal and opposite to that introduced by the interfacial gap. This
condition 1s only valid as long as the principal stress axes lie in the
same directions as the TE and TM mode directions, which is frequently the
case, since the oprincipal stress directions arising from stress
birefringence are usually axial, radial and circumferential with respect to
the fibre. Recall that stress birefringence arises as a result of
differential shrinkage during resin curing and during cooling from the
resin cure temperature. For fibres which are oriented with their axes
perpendicular to the direction of light propagation, the hoop stress can be
neglected. It 1is important to be aware that the observed retardation is a
result of phase changes introduced in the complete optical path. Phase
changes can arise from additional affects including refraction from the
optical components and transmission through stress birefringent regions
within the resin. However these are usually small effects.
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Figure 14. Interfacial gap width as a function of distance from the
interface crack tip for the fibre shown in Figure 12.




The fibre i1in Figure 12 showed a very small amount of stress
birefringence and exhibited a retardation gradient across its diameter,
i.e. a retardation proportional to the thickness of fibre traversed by the
light. This can be seen in the region of bonding, by observation of the the
dark edges and light central region. Selection of a point at an angle of
incidence of approximately 60° yielded a stress birefringence measurement
of approximately 2 nm. Measurement in an adjacent region, on the dark
contour line where the phase difference introduced by the gap 1s equal and
opposite to that introduced by the stress birefringence, in conjunction
with measurements from the surface shown in Figure 13, gives a gap width
estimate of 3 mm.

Thus the phase shift may be used either indirectly, by mnoting the
positions of the zero phase change dark contour and by making measurements
of the stress birefringence in adjacent regions, or by making direct
measurements of the retardation introduced by the interfacial gap and
taking due account of the background phase shift. Direct measurements of
phase difference have been performed upon the fibre shown in Figure 12 for
an angle of 1incidence of 60°., The interfacial gap size estimated by
measuring phase differences 1s plotted in Figure 14 as a function of
distance from the interface crack tip. Figure 15 shows a sequence of
photomicrographs for an epoxy/glass-fibre specimen oriented with the fibre
axis at an angle of 45° to crossed polars, in which an oil immersion
objective (x100) was focused at gradually decreasing distances from the
fibre axis. Figure 15 (a) is a schematic diagram showing the debonded
region. An important feature of the images in Figure 15 is the generation
of interference effects (indicated by an arrow) adjacent to the debonded
region. Similar effects were observed with an epoxy/carbon-fibre specimen
(Figure 16).

So far, we have assumed that the interfacial gap between matrix and
fibre can be treated as a series of parallel-sided interifaces upon which
parallel light is incident from one direction. In reality, there will be
contributions from evanescent waves which have propagated around the
interface from regions remote from the point of interest. Such
contributions will in general be from regions having a different angl~ of
incidence and therefore different apparant gap width. Neither geometrical
optics ray tracing nor the evanescent wave treatment above can explain
intensity distributions such as those shown in Figures 15 and 16 and we
need to invoke exact theories for scattering by coaxial dielectric
cylinders.

Scattering Theory

The theory of scattering of electromagnetic waves normally incident
upon an infinitely long circular cylinder of arbitrary radius and arbitrary
(uniform) refractive index was developed by Rayleigh as long ago as 1881.
This predates by some years the better-known solution of the case of
scattering by spheres, now wusually known as Mie theory (Mie, 1908),
although there are earlier independent solutions im the 1literature.
Similarly, the solution to the cylinder problem has been rederived and
discussed many times (for references, see van de Hulst (1957) and Kerker,
(1969)). Mireles (1966) has shown that for each cylinder radius, there 1is a
unique angular scattering pattern corresponding to each refractive index.




SN NN NNNNN \_\
(a) ‘\debonded reglo\
NN N NN SN N SN NN Pt

Figure 15. Interference effects (indicated by an arrow) for a debonded

glass fibre in an epoxy matrix.
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Figure 16. Interference effects (indicated by an arrow) for a debonded
carbon fibre in an epoxy matrix.

Our main interest 1s in the extension of Rayleigh’s theory to
scattering by coaxial infinite circular cylinders at normal incidence,
which has been derived independently by Thilo (1920), Adey (1955) and
Kerker and Matijevic (1961). (Note that Farone and Querfeld (1966) further
extended the theory to oblique incidence, but Sammadar (1970) has shown
that there is no simple rigorous solution for oblique incidence, and that
Farone and Querfeld’s result is in error). We believe that this theory may
usefully be applied to the problem of scattering by a fibre debonded from
the matrix of a fibre~reinforced composite, 1.e. surrounded by a coaxial
region (interfacial gap) of different refractive index. Comparison with
experiment should enable us to detect the formation of such gaps and
monitor their widths,
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Figure 17. Coordinate system for scattering by coaxial cylinders.

Using the coordinate system shown in Figure 17, the radii of the inner
and outer cylinders are givem by a and b respectively; the coordinates r
and © are defined by x = rcosd, y = rsing; the incident beam travels in the
x~direction and 6 is the angle between incident and scattered beams. For an
incident plane wave of unit amplitude and .requency K = 2xn/A, with its
electric vector parallel to the cylinder axis (TM mode), the fields at a
point (r,0) are as follows.

In the fibre, region 1 (r < a),
E) = E;8¢ = SE: 10D Jp(nikr)exp(imo) (4a)
ne=—o
In the interfacial gap, region 2 (b > r > a),
Ep = Ep85C = }j 1018 H (2) (nokr) + Cpip (1) (npkr) lexp(imd) (4b)
n=—w
and in the matrix, region 3 (r > b),
E3 = E3in + g,8¢
where E31“ = i: 1®Jn(n3Kr)exp(1imd)
mE—o

and E38C = E imAmHm(l)(n3Kr)exp(im0) (4c)
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In these equations, superscripts in and sc represent incident and
scattered fields; J, 1s a Bessel function of the first kind and Hm(l) = Jn
+ 1Yqy, Hm(z) = Jp = 1Y, are Hankel functions, Yy being the Neumann
function. The unknown (complex) scattering amplitudes Ay, By, Cyp and Dy are
found in terms of Bessel and Hankel functions, from the boundary conditions
of continuity of the electric and magnetic fields at the various
interfaces: this 1involves considerable algebra (see e.g. Kerker and
Matijevic, (1960)). For the case when the magnetic vector 1is parallel to
the cylinder axis (TE mode), the field equations are as above, but in the
determination of the scattering amplitudes the electric field E is replaced
by the magnetic field H, H by -E, and permeability p by permittivity e
(which in practice means that matrix elements which were multiplied by
refractive index no longer depend on refractive index, and vice-versa).
From equations 4 (above), in principle we can calculate the intensity at
any point. However, the magnitude of computation required is comsiderable,
and a varilety of approximations merit comnsideration.

Datta and Som (1975) give details of numerical methods for calculating
the intensity at points within the inner cylinder; this scheme is
applicable to our case, but the results they present are for cylinder
diameters comparable with the wavelength of the incident radiation.

The far-field intensity reduces to

1(8) = 1A, + 2 2:: Amcosmel2 (5)

m=1

but this 1is still far from simple to compute, as we require the
coefficients Ap. Both algebra and computation are simplified {if the
innermost cylinder 1s a conductor (Adey (1956)), but that 1is not
appropriate to most fibre reinforced composites.

A more useful simplification is the ‘thin sleeve’ approximation, which
is applicable if the interfacial gap is small compared with the fibre
radius, 1i.e. b-a < a. Adey (1956) indicates how the expressions for the
scattering amplitudes Ay, B,, C, and Dy may be simplified in this
approximation, whilst Senior and Weil (1977) derive expressions for the
fields outside hollow cylinders of infinitesimal thickness; they present
calculations for infra-red scattering by thin-walled 1ice crystals with
diameters comparable to the wavelength, but claim that the numerical
procedures are economical for diameters up to a few wavelengths.

Far-field intensities have been computed by several workers for
scattering by clad and graded-index optical fibres, ( see e.g. Farone and
Querfeld (1966), Marcuse and Presby (1975), Watkins (1974), and references
therein), and comparisons with experiment have led to determinations of
fibre diameter and cladding thickness to within 1% =~ better than
obtainable by any other means, such as electon microscopy. Unfortunately,
none of these calculations have involved combinations of wavelength,
cylinder radii and refractive index appropriate to fibres in reinforced
composites.

Marcuse and Presby (1975) have commented on some of the problems of
numerjcal evaluation, and on the volume of computation required to find
curves of scattered intensity which fit particular experimental
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observations: the curves are extremely sensitive to changes of cylinder
radius and refractive index. Thus it appears that full calculations of
scattered intensity are likely to be impracticable as a general measuring
tool, but could prove valuable to monitor variations of parameters for a
glven specimen.

In a study of unclad fibres of uniform refractive 1index, van der
Meulen and Strackee (1979) found that, for scattering of visible light by
fibres with diameters in the range 1 to 10 pu, the number of minima
(fringes) of forward scattered intensity in the angular range 0 to 90° was
proportional to a size parameter 2na/A (where a = fibre radius) and
insensitive to refractive index. From calculated curves of upper and lower
limits on the number of minima, as a function of size parameter, they were
able to estimate fibre diameters to within 10%, from experimental
measurements at only one wavelength. We conjecture that an analogous scheme
for studying scattering by coaxial cylinders would be well worth
investigating, with a view to applying it to the measurement of interfacial
gaps around fibres in fibre reinforced composites.
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MICROWAVE PROPAGATION IN CARBON FIBRE REINFORCED COMPOSITE MATERIAL

A.D. Carr
Marconi Research Centre, Great Baddow, Chelmsford, Essex

ABSTRACT

The detection of water, absorbed by carbon fibre composite material,

is attempted by two methods using microwave radiation. The attenuation
of 50% fibre volume sheet material has been measured as 60 dB cm®

at 9.6 GHz. Accelerated moisture absorption by immersion in boiling
water over a 25 hour period, produced a detectable change in attenuation;
of the order of 0.4 dB for 2 mm thick samples. Measurement of the
permittivity of the composite sheet proved to be impossible owing to

its high effective conductivity. An estimate of the order of 10 (Qm)™
has been made for the conductivity of the dry material.

INTRODUCTION

The application of non-destructive evaluation methods to the detection
of flaws, for example cracks, delaminations, voids or water presence

in composite materials is certainly more complex when compared to
traditional materials such as metals. The relatively wide variation
encountered in the properties of nominally identical composite samples,
produces comparable variations in the data obtained from applied N.D.E.
methods and makes evaluation of test results difficult. Examples of
techniques which have been applied with some success include ultrasonic
scanning and x-radiography. The use of microwave radiation to probe
the microstructure of structural materials has apparently not received
a great deal of attention. Clearly its use would be limited to non-
metals. However even in this restricted field the author has found
only one report of an application in the N.D.E. context. This involved
the detection of voids and cracks in ceramic material by measurement

of the radiation scattered by defects.

Microwave radiation is employed industrially to monitor water levels

in a wide range of products; for example paper, soap, cement and
foodstuffs. The physical phenomena generally exploited in all these
applications is that water strongly absorbs radiation in the centimetre
wavelength region of the spectrum. Variations in the power transmitted
through the product can be measured and used to effect on line changes
in the manufacturing process. Moisture absorption during production
and in service lifetime is a problem also associated with composite
material components. Diffusion of water into the resin matrix may

have several effects, some of which are reversible and others which are
nrot. Swelling and plasticisation of the resin are examples of effects
which it may be possible to reverse by drying. Irreversible damage,
however, can be caused by the accumulation of water at fibre/resin
interfaces. It has been shown (Ashbee 1969) that dissolution in
absorbed water of soluble material found on the fibre surfaces,

) . specifically alkali metal oxides, leads to the formation of pressure
N pockets in the resin by the process of osmosis. Stresses set up in the
]

resin as a result, lead to the irreversible breakage of bonds at the
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fibre, resir interfacs ant hence to a reduction in load transfer ability
between trhe twc., The gresence of these cracks and the photoelastic
contrast produced by the stresses have both been observed experimentally.

A method of non-destructively determining the degree of water absorption
in a composite material would therefore appear to be desirable,
particularly, for example, in the aircraft industry where considerable
long-term exposure to moisture is enccuntered. The aim of this study
was to investigate the application of microwave techniques to the
problem of water detection in a unidirectional carbon fibre reinforced
composite.

EXPERIMENTAL AND DISCUSSION OF RESULTS

After consideration of the methods used to measure moisture content

in the industrial materials mentioned earlier and also of the waveguide
equipment available it was decided to attempt the measurement of two
different quantities, namely attenuation and dielectric permittivity

of the carbon composite. The sheet material used throughout the experi- L
mental work was manufactured from Fothergill and Harvey Code 69 epoxy ﬁf;}i
resin and Courtaulds "EXAS" fibre in a unidirectional, 2 mm thick lay up. E::::ii
The fibre volume was nominally 50% with a 2.5% void content.

Measurement of the transmission ofmicrowaves through a sample was o ,f}
carried out on the waveguide apparatus shown diagrammatically in :
Fig. 1. A Gunn oscillator device acted as the radiation source and
provided an output power of 8 mW at 9.6 GHz. The device was protected
against interference from reflected power by a short isolator section.
The 4.3 cm square composite coupons were clamped between two open ended
waveguide horns with the fibre direction parallel to the polarisation.

detector 2

o

~_~] terminator
1 [ ~ detector !
power Gunn —> wave two-way tte tuning
supply gstgrllo- 1sola meter coupler ator stub
sample
Figure 1. Apparatus used for sample atternuaticn measurement

The attenuation measurement was carried out by firstly noting the
transmitted signal at detector 1 with the sample in place, and thern
increasing the calibrated attenuator with the sample remcved, until the
transmitted power fell to its previous value. The two termination
conditions i.e. sample in place or absent, will both present large

and different impedance mismatches to the open ended waveguide and

so different power reflections will pgcur. This variation would




appear as part of the sample attenuation by its effect on the transmitted
signal. To overcome this problem and ensure that equal power levels
were reflected under the two different termination conditions, a two
arm tuning stub device was placed in line on the generator side of the
sample. By adjustment of shorting plates in the E and H plane arms,
matching of the load to the waveguide could be achieved. Detector 2,
mounted on a 10 dB coupler was used to measure the reflected power
during matching. Since the transmission of the composite was found,
as expected, to be sensitive to fibre orientation relative to the
polarisation direction, reference marks were made on all samples to
ensure repeatable positioning between successive measurements.

Accelerated moisture absorption into the composite material was achieved
by immersing coupons in boiling water for periods of one or two hours.
During immersion the samples were freely suspended by a small plastic
clip thus ensuring that water uptake was not inhibited in any region.
At the end of each immersion period the sample surfaces were thoroughly
dried of excess water and allowed to cool to room temperature before
being clamped in position. Matching was then performed until the
reflected power at detector 2 fell to zero. With the sample removed
the line was rematched and the calibrated attenuator wound in until

the transmitted power fell to its previous value. The procedure was
repeated a minimum of five times to estimate the errors associated

with the measurement.

detector short

— arcut
I ) metal
plate

power | [Gunn L] = Ll ave H standing
Epply g?g'r“'._ﬂ”(d" ter | JcOUPE] | ove meter

open
circuit termination

EEEE?%A4

Figure 2. Apparatus for permittivity measurement.

Evaluation of the complex permittivity of the composite material was
also attempted and the waveguide apparatus for this measurement is shown
in Fig. 2. The method (Von Hippel, 1962) involves measurements on the
standing wave set up when a plane dielectric material is placed across
the guide. It can be shown that, if the sample is backed by a short
circuit metal plate, the impedance viewed from the front face is given
by:
v - j tan(2xx /A;]
Z A (1

Zs : Zo {1 - jv tan(2uxo/x)] T Sofs

where V is the inverse of the vcltage standing wave ratio, x_, the
distance of the first standing wave minimum from the sample, X is the




guide wavelerngth ana - 15 the waveguide characteristic impecdance.
A similar expression .& vaiid if a quarter wave shorted section of
waveguide is pla~e tehind the sample, forming an open circuit termination,
with the riew measured values of x_ and V substituted in equation 1 to
give a second complex value Ao. or a non-magnetic material the
permittivity is given by:
L/ « (1/2)* 1/AA]

* _ ¢ 0 s

e* - ¢ (2)
(m\c)’ + (1/x)?

ney

where Ac is the cut off wavelength of the fundamental mode. Test
measurenents conducted on good, low loss dielectric materials such as
paraffin wax and polypropylene showed close agreement with accepted
values. However, the accuracy of the method when applied to the
carbon fibre composite was found to be insufficient to determine the
permittivity and any variations due to water absorption. The major
source of experimental error ($0.5 mm) was in determining the distances
x of the minima from the sample face and it isthought that the minima
must lie within the error distance. A subsequent evaluation of x

from other data described later showed that the first minimum was very
close to the sample as a result of the high effective conductivity of
the carbon fibre.

The voltage standing wave ratios (V.S.W.R.) were determined to an
accuracy of *0.03 for the short circuit termination condition. A plot
of values obtained during the first hour of immersion is shown in

Fig. 3. Both ratios increase with time indicating a rise in
reflectivity of the composite with water uptake. An order of magnitude
estimation of the effective conductivity can be made from this data

if a simplified model is invoked. The waveguide is assumed to be
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lossless and the sample is treated as being completely enclosed inside
the guide and terminated by a matched load. This second condition is
approximated fairly well in the experimental situation since the
sample attenuation was large and a wave, reflected by the back face,
will be substantially attenuated after traversing a double thickness
and will have little effect on the standing wave pattern.

The wave impedance of a material is given generally by Z = vu*/e* where
u* and €* are the complex permeability and permittivity respectively.
For non-magnetic materials p* = "o' the value of free space and e* is
given by

e* = ee - J o/w (3)

€ is the relative permittivity, o the effective conductivity and w is
the angular frequency. Expressing Z in modulus/argument form we get

-
z = i Tee, (14 o /(ee )? )% giJ tan® (o/ee W) )

The V.S.W.R. of an impedance Z loaded onto a waveguide of characteristic
impedance Z0 is given by

V= Jz |/]z] for 2 < 2_ (5)
and from the graphical data this ratio is ~10. Equating the values of

|z] in (4) and (5) and substituting € = 3 as the dielectric constant
of the resin and Zo = 500R, a value of 30 (Am) is calculated for o.

26 ottenuation
{decidels)
s
24 Figure 4
Attenuation variation with
boiling time for carbon
fibre reinforced composite
12
1212
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e 2 4 6 8 10 12 ' % %8 20 27 X028
: . . dmling hime (howrs)
.,. . ‘
:1_' -
SRR A second estimate of sample conductivity can be obtained from the
. T measured attenuation of the carbon fibre composite. Fig. 4 shows the
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change in attenuation with boiling time for one particular example 4
over a 25 hour period. An initial rapid rise from 12.12 dB to over 9
12.4 dB during the first 5 hours is followed by a much slower rise to —=
12.5 dB after the full immersion time. The initial rise corresponded E?E!!
to an uptake of 15 mg of water determined by weighing the sample. The T
characteristic length for the attenuation of the E field is the skip
depth 6. This is related to the material conductivity & = (2/u ow)?
and both the electric and magnetic field vectors are reduced by 1/e

in traversing the skin depth. The power attenuation P, in decibels
over a distance z is therefore given by

P = 10 log ,e 22/ (6)

Substitution into equation (6) of the measured loss of 12 dB for a
sample thickness of 2 mm results in a conductivity of 12 (Qm)™}
i.e. of the same order as was estimated from the V.S.W.R. data.

The conductivity values can be used to estimate the distance x_of the
first standing wave minimum from the sample face. Taking the Composite
to be at z = 0 with the z axis parallel to the direction of wave
propagation, the standing wave pattern is formed by the addition of the
reflected and incident wave according to
-jkz Jkz
V(z) = Yinc e + Vrefl e (7))

The eJWt time factor is assumed. The voltage reflection coefficient
at z is defined as

Vrefl 2jkz
—_e
V.

inc

r(z) = = I'(o) e2jkz (8)

and T'(o), the reflection coefficient at 2z = 0 is related to the mismatch
between the waveguide impedance Zo and the impedance of the composite
according to:

_ Jjo | _
r(o) = |r|e’” = [z, -z 3/Mz + 2] (9)

After substitution of eqns (9) and (8) into (7) and taking the modulus
of both sides:

lv(z)]| = lvincl T+ Jr]? + 2[T] cos® (10}

where & = ¢ + 2 kz.

The first minimum in V will occur when & = x, T (o) can be found from
equation (9), by using Sguation (4) with o = 30 (Qm)* and 1ts complex
value is T(o) = 0.87 e’"" Using @ = 3.0 and k = 2!/Ag

where A,, the guide wavelength is 4 cm at 10'°GHz, then x_ 1s found to be

0.04 cm from the sample face. Clearly this is well withifl the estimated ? A-!*
position measurement error of 0.05 cm and so is impossible to measure

with the present apparatus. It would also seem doubtful whether the U
accuracy of the standing wave meter method could be improved sufficiently LT,
to attain the resolution required for the detection of absorbed water. T




The plot of sample attenuation of radiation with boiling time showed

a distinct change in gradient after 5 hours with a much slower rise
rate occurring after this time. Examination of sample cross sections
under an optical microscope showed the fibre density to be on average
lower in a surface region of a few tens of microns thickness, compared
with the interior density. Without being able to estimate quantitatively
the diffusion rates in regions of different fibre density it would

appear that water absorption would occur more rapidly into the surface
region than the more densely packed interior. Water diffusion takes
place to any appreciable extent in the resin only. Therefore regions
with a greater fibre content would present a more convoluted path

around the fibres and so impede the progress of diffusing water to a
greater extent. A fall in absorption rate would therefore be expected
when the interior region is encountered, and this is observed in the
experimentally measured fall off in attenuation after 5 hours immersion
time.

CONCLUSION

The detection of water absorption by carbon fibre composite material
has been shown to be feasible by measurement of the attenuation of
microwave radiation. The insertion loss at 9.6 GHz is of the order

of 60 dB cm * for radiation polarised perpendicular to the fibre
direction. After a 25 hour immersion period in boiling water a change
of 0.4 dB as a result of water uptake was found for the 2 mm thick
composite sample. The appearance of an initial high absorption rate
followed by a much slower rate is attributed to a greater fibre density
existing in the interior of the sheet compared with the surface region.
Estimates of the effective conductivity of the composite put the

value at the order of a few tens of ohms/m. This relatively high
conductivity is responsible for the failure of the permittivity measure-
ment method to detect any changes as a result of water absorption.

Application of the transmission method as a non-destructive testing
technique appears to be possible though the specific experimental set

up and interpretation of results would depend very much on the individual
situation. The relatively large measurement error of the insertion loss
indicates the sensitivity of the method to misalignment of the fibre
direction with the polarisation and is also partly due to the fact

that the inherent attenuation of the composite is somewhat greater

than the change produced by absorbed water. An improvement to the
sensitivity of the method to water uptake could be made by employing

a bridge technique to measure the difference in attenuation between

the material under test and a known standard of similar value.
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o POTENTIAL OF HOLOGRAPHIC INTERFEROMETRY
- FOR NON DESTRUCTIVE TESTING OF POLYMER COMPOSITES

W.J. Beranek

. TNO-IBBC
L - Abstract

A survey is given of tests, which have been carried out to study defects
e in polymeric tubes, using holographic interferometry. Possibilities are
O discussed to use these techniques in real-time in-process.

s "
.

1. Introduction

- - In holographic interferometry a hologram is made of an object in the
unloaded and in the loaded position. The two virtual images will come to
interference and as a result a fringe pattern is formed. These fringes are
contourlines for the change in optical path-length. If the holographic
set-up is properly chosen, the fringe pattern can also be regarded as
contourlines for a displacement component.

_ If the tested object has some defect which influences the physical

o behaviour under load, the interference pattern will also undergo some

T changes. In some cases these changes will be typically for the kind of

:}, defect, but in other cases no conclusions can be drawn.

e The paper describes the results of a series of tests on polymer tubes,

e (homogeneous, glass-fiber and carbon-fiber) in which a number of tubes had

R some natural or artificial defects.

Vs
[}

el 2. Holographic interferometry
RS Basically the tests have to be carried out on an optical table, unless a
S pulse 1laser is used. The applied loads generally may be very small. The
) object should be mate reflecting, so most of the time the objects are
painted white.
) There is a number of holographic techniques which can be used for

: testing objects of various shape. For the testing of the tubes the
N following techniques have been used:
-;?; a. Double exposure and real-time holography, using one beam of illumination.
L b. Double exposure and real-time holography, using two beams of illumination
‘ (holographic moiré).
__ c. Time average holography (vibrating object)

When one beam of illumination is used, the displacement component in the
direction of the bisector of the angle between the direction of illumination
and the direction of observation is obtained. The interference patterns are
generally clear as long as the texture of the object does not change under
.}' load, see Fig. 1a. The quality of double-exposure holograms is generally
e somewhat better than that of real-time holograms. But in the first case just
e one kind of loading can be investigated, whereas in the second case the kind
of loading as well as the magnitude of the load can be changed.

When two beams of illumination are used, the technique is called
. holograuphic-moiré. Now the out-of-plane component of the displacement and
. ' one in-plane component of the displacement can be obtained in the same set-up 4
at one and the same loading step. For each direction of illumination a .

carrier of parallel equidistant fringes is applied and the interference of

',;.. the two {(mismatched) basic interference patterns will show a moiré pattern. el
- This mciré pattern in turn can be regarde as a contourline map for the wanted 's:;j
PN displacement component. Generally the in-plane comp nent is recorded, as the g

out-of-plane component. can also be obtained by metl .4 a.




S As the obtained interference pattern is a second-order pattern, the

LN
ool

N results are seldom as clear as in case a., but fringe contrast can be -
Eaana enlarged optically (afterwards) or electronically (during real-time OGRS
na holography), see Fig. 1b. The set-up is somewhat more complicated as in ;._.q
" case a., but the application of a mirror to form the second beam of .
S illumination keeps thingsrelatively simple. The application of the carrier y

fringes however, always requires a rotation of the hologram (or the object)
S between the unloaded and the loaded position of the object.

\ In the case of time-average holography,one beam of illumination is
applied and the exposure of the hologram takes a few seconds whilst the

- object is vibrating. Nevertheless clear interference patterns are obtained
. for the investigated vibration mode of the object, see Fig. 1c. In this way
- each vibration mode of the object requires a separate hologram.

. But if a rough idea of the various vibration modes of the object is
sufficient, another technique can be applied. A real time hologram is made
of the object in the unloaded position and carrier fringes are aplied by
- rotating the beam of illumination. During vibration locally the carrier
i fringes are wiped out and all vibration modes can be recorded in real time,
o see Fig. 1d.
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3. Detection of defects in homogeneous tubes

First of all one has to find out for which loading case a certain defect
will give a noticeable change in the interference pattern. As an example the
interference patterns are given for the connection of two tubes which are
not perfectly in line, see Fig. 2. The effect of torsion proves to be R
negligible, internal pressure and a temperature change show similar patterns S
in which the influence of the connection is vaguely visible. Axial tension s
however, shows striking changes of the pattern in the vicinity of the

connection. ;_;j
The second step is to find out if the change of the interference pattern M,A'
will also have some influence on the strength or the good behaviour of the R

object during lifetime. So from Fig. 2d it follows that the two tubes under R
tension will show bending disturbances in the vicinity of the connection and
the magnitude of the bending stresses can easily be determined.

About the tensile strength of the connection under pure temsion however,
no information is available. Sc the strains in the axial direction have been
determined with the help of holographic-moiré, see Fig. 1b. But also this
pattern will hardly give any information about the strength of the connection;
obviously plane sections remain more or less plane under tension independently
of the strength of the connection.

As a matter of fact, in all tests where the tensile strength of such
connections or similar ones was investigated, no adequate information from
the tests was obtained. It seems that under such low loads (as is required
in non-destructive testing) good and bad connections show a similar behaviour,
and differences in behaviour may only be expected at much higher loads.
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Fig. 2 Connection of two homogeneous tubes; interference patterns for the
out of plane displacements.
a. torsion; b. internal pressure; c. temperature change; d. axial tension
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Usually the strength of the connection is determined with the help of
a destructive test: the pin indentation test. Results may be expected after
a few months. It was tried to obtain information at short notice by making
a series of holograms after the pin had been driven into the hole which is
made in the connection. Fig. 3 shows some results, obviously the material
is strongly creeping, but no indication was found about the strength of the
connection, depending of the shape and variation ir shape as function of
time, of the interference pattern.

k. Check of the qualities of glass-fiber tubes
Holographic tests have been carried out to detect aberrations in the
winding pattern and to check the theoretically determined stiffnesses in
axial and tangential direction. In Fig. 4 the results are shown for three
tubes under internal pressure, two of the tubes having & deviating winding
pattern. The out-of-plane displacements show marked differences.
- N - = ~
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Fig. 3 Out of plane displacements for a pin indentation test.
First exposure 75 s after application of the pin, second exposure after:
a. 30 s; b. 60s; c. 120 s

Fig. 4 Out of plane displacements for three glass fiber tubes with
different winding patterns.
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The interference patterns of Fig. L have also been provided with carier
fringes. Optical differentiation will then show contourlines for the slopes
in axial or tangential direction, see Fig. 5.

For the determination of the axial and tangential stiffness the tubes
have been submitted to internal pressure in radial and axial direction, and
the in-plane and out-of-plane displacements have been determined with the
aid of holographic-moiré. The results for the three tubes are shown in the
Figs. 6, T and 8. The strain distribution in axial direction is shown as the
average strain between each two successive contourlines for the displacement
in axial direction. Especially tube No 3 in Fig. 8 shows marked differences
in axial strain. But if the influence of the out-of-plane bending
deformation is taken into account, it shows that the axial strain (in the
middle of the wall thickness) is practically constant. That means that the
variations in axial strain is only due to bending and can be deducted from
out of plane displacements alone, which can be determined with method a.

a. Tube No 1
¢x
{shift Ax)

b. Tube No 2 ‘\X§§“$\WF“
T)s(hi £t A ) \}\Dm\ ;ﬂ) /)
i

c,. Tube No 3
)

X
(shift Ax)

¢,.. Tube No 3
¢

X
(shift Ax/u)

c.,. Tube No 3
¢Y

(shift A = —

y L

F%g. 5 D?tcrmination of the slopes of three glass-fiber tubes by optical
differentiation (shifting two equal photographs towards each other)
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‘Fig. 6 Holographic-moiré for glass-fiber tube No 1

a. out-of-plane displacements;

b. in~plane displacements in

Cc. average strain between successive contourlines and average

full length of the tube.
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Fig. 7 Holographic-moiré for glass-fiber tube No 2

a. b. ¢. as in Fig. 6
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c. average strain

Fig. 8 Holographic-moiré for glass-fiber tube No 3
a. out-of-plane displacements;
(= axial direction);
lines and average strain over the full length of the tube.

b. in-plane displacements in x-direction
between successive contour-




5. Detection of defects of carbon fiber tubes

A series of carbon fiber tubes with artificial defects was tested to :
detect the defects. It became evident that one beam of illumination (case a.) 2
and loading with internal pressure (radial only) and sometimes a temperature —
change (1 ©C) were sufficient to detect most defects. It proved to be very D
helpful however to apply three different load levels:
A. low preload py, low load increment Ap = pg
B. relatively high preload 30 po, low load increment Ap = p,
c. relatively high preload 30 poy, relatively high load increment Ap = 3 pg

If certain defects were hardly visible at one load level, another load g
level might improve things considerably, as will be seen in various figures. e
For 5 tubes the interference patterns are shown at the load levels A., B., C. St

Tube No 1 is without artificially applied defects. For the three load A
levels the shape of the interference pattern remains essentially the same, S
see Fig. 9. In the photographs lines have been drawn which form a system of -
diamond shaped areas. Along these lines the out of plane displacements are .
relative minima. The angle of the diamond shaped areas corresponds to the i
25° winding angle. The load increment for load level A. and B. is the same; }?ﬁl
due to the much higher preload for level B, the out of plane displacements R
for level B are about half those for level A. For load level B. and C. the }{~3
prelaod is the same, now the out-of-plane displacements are practically RN
proportional to the load increment. -

a. load level A

b. load level B

¢. Load level C

Fig. 9 Carbon-fiber Tube No 1, internal pressure
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Tube No 2 has a second layer with a winding angle of 35° instead of 25°.
At the left end of the tube there are loose fibres in the outer 90° layer,
at the right end of the tube there are loose fibres in the inner 90° layer.
Furthermore a teflon foil has been added between the first and the second
layer, to simulate a delamination.

Although the loading is exactly the same as for tube No 1, the out-of-plane
displacements for tube No 2 are totally different from those for tube No 1,
see Fig. 10. The displacements at load level A are mainly due to an
initially unroundness of the tube and there are no diamond shaped areas
perceptable. At load level B a high preload is applied; the effect of the
unroundness has disappeared but the diamond shaped areas are still not
visible. The effect of the loose fibres in the outer 90° layer is now
clearly visible (left side), but the loose fibres in the inner 90° layer
(right side) can hardly be recognised. At load level C the diamond shaped
areas are now vaguely visible. The loose fibres are less markedly visible,
due to the much denser interference pattern.

The artificial delamination is absolutely not visible. In an effort to
visualize this defect, the tube is also submitted to infrared radiation and
to a three point bending test, see Fig. 11. But in none of the photographs
a trace of delamination is visible. The bonding of the layers must have
been sufficient to withstand the applied loads.

On the other hand the interference pattern due to the temperature change
does show loose fibres in the outer as well as in the inner layer.
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a. load level A

b. load level B

Lo c. load level C

Fig. 10 Carbon-fiber tube No 2; internal pressure




Fig. 11 Carbon-fiber tube No 2

a. temperature change by infra-red radiation

b. interference pattern due to a three point bending test
c. set-up for the three point bending test

In tube No 3, after pre-hardening of the first 90° layer only half of
the tube has been sanded. The helical winding in the 25° layer has been
omitted. At all three load levels the shape of the interference pattern
remains essentaily the same, see Fig. 12. The diamond shaped areas are well
visible at load level A and C, just as in Fig. 9. But at load level C it is
also visible that the diamond shaped areas are sub-divided into four
smaller areas of unequal magnitude, due to the absence of the helical
winding in the 250 layer.

Tube No 4 is provided with an alluminium layer at the inside of the
tube. It was a damaged tube with cracks at the central part. Due to the
alluminium layer there are no diamond shaped areas visible, see Fig. 13.
The concentration of the interference fringes gives at all three load levels
an indication of defects. A high preload is essential however to clearly
distinguish between the defects. The small more or less circular inter-
ference patterns indicate the presence of small cracks. Furthermore local
bents can be seen in more or less straight interference fringes (cross-
section I and II). In section I-I the out of plane displacements are
slightly increased towards the surrounding and in section II-II they are
slightly decreased. This indicates that in section I-I a winding is missing
and that in section II-II an extra winding has been applied.




.......

a. load level A

b. load level B

c. load level C

> ' g;:;, 3 :ﬁ§5§ ,
a. load level A Aﬁ@ﬁ% ”

b. load level B

¢. load level C

Fig. 13 Carbon-fiber tube No 4, internal pressure
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a. load level A

b. load level B

c. load level C

Fig. 14 Carbon fiber tube No 5, internal pressure

Tube No 5 is almost identical with tube No 1, but supplied with an
alluminium layer at the inside. Furthermore the outer 90° is unimpregnated.
The diamond shaped winding pattern is only slightly visible at load level C,
see Fig. 1bh. For all load levels the concentration of the interference
fringes at both ends of the tube indicate damaged zones which occured
during previous tests.

All tubes have also been investigated by holographic-moiré, which has
not given any further information. Also the vibration modes at the various
natural frequencies have been determined in real time. Depending of the

winding pattern there are differences in the various natural frequencies, 1
but the vibration modes themselves did not provide information about defects. —
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6. Possibilities to use holographic interferometry for non destructive
testing and evaluation in real time and in process

A certain kind of defects in polymer products is easily detected Jjust
by simple out-of-plane holography. As the product has to be loaded in some
way, a test set-up has to be made and the optical table can be incorporated
in this set-up. The kind of set-up will of course depend on the kind of
product to be investigated and its sensibility for appropriate loads.

Load increments are always small and especially heating by radiation is
easily applied.

Real time holography is practically always possible with polymer
products. Evaluation can be carried out by comparing the obtained inter-
ference pattern with a reference pattern. If the actual pattern and the
reference pattern are both provided with carrier fringes, the patterns can
be superimposed and the difference of the two patterns will be seen as a
moiré pattern. The patterns can also be stored on video tape and evaluated
elsevwhere.

Making a single or double exposure hologram in the traditional way, will
take 5 to 10 minutes. The application of commercially available photo-
thermo-plastic material and equipment will reduce this time to a few
seconds. The dimensions of such holograms are limited, however, and it
seems that the traditional way of making holograms is somewhat more fool-
proof. .

For a uniform quality of the interference pattern a mate reflecting
surface is required. So in laboratory circumstances the model is mostly
painted or sprayed white. The paint has to be dry however, before the
hologram is made. But also medium bright or even black surfaces will give
good interference patterns, as long as the surface is mate reflecting. The
time of exposure obviously will have to be increased. The quality of the
hologram and of the interference pattern will decrease however, the more
the object has a strongly directed reflection, like a (poor) mirror.
Recording the interference pattern with a video camera can give quite
reasonable results if the diaphragm is adjusted in a proper way.

Industrial applications of holographic interferometry are the testing
of inflated tires (time average for the determination of the vibrational
mode structure or out-of-plane double exposure in conjunction with a small
change of inflation pressure to show defects).

In aircraft industry disbond of honeycomb structures is tested by double
exposure out-of-plane holography, applying radiation to obtain temperature
changes (aircraft wings, solar panels).

References:

R.K. Erf, 'Holographic nondestructive testing' Academic Press, New York,
London

W.J. Beranek and A.J.A. Bruinsma, 'A geometrical approach to holographic
interferometry' Experimental Mechanics, Sept. 1980.

el i M SR i e e e i i v et Jheue et st Aok Bt Sk Bad Aok Tadh ‘A )




) '. ,}.._ .

DAt hadh S gt S g b RO sl a0 adl abdiace yad SRS ghe® YT

Discussion of Session VI

A number of practical examples were suggested for application to NDE of the
elegant experiment by Sargent and Upstill. Since the only piece of equipment
required is a good polarising microscope, it could certainly be used as an on-
line method to check whether or not molecular size interfacial gaps are
present in, say, the low fibre volume fraction flash that is produced during
compression moulding of fibre reinforced plastic laminates. Much interest was
also generated by the idea that the experiment offers a direct method for
assessing the effectiveness of fibre surface coatings including coupling
agents. Owing to the low fibre volume fraction demanded by the theory in its

present form, this would best be done on token samples.

Since the work by Sargent and Upstill must be applicable generally to
electromagnetic radiations, spéculations were made about the detailed nature
of propagation through composites of infra-red and radio waves, 1i.e. of waves

with wavelengths very much larger than a fibre diameter.

A D Carr’s presentation on microwave propagation prompted interesting comments
in respect of possible application of sheets of wuniaxial carbon fibre

reinforced plastic as polarisers for a microwave polaroscope.

During discussion of the role of holography in NDE, attention was drawn to the
mechanical stability demanded of the optical systems. '"'Holography belongs to
the technology of opticians and not to the technology of engineers".
Mr Beranek remarked that the holographic techniques described by him are not
suitable for wuse in a factory environment. Professor Jansson strongly

disagreed and offered the following comments.

Traditional holographic interferometry 1is known to have extremely high
resolution (better than 0.3 pum) and high accuracy, but the technique suffers
from being tedious and is sensitive to vibrations and other environmental

disturbances.

Today however, new techniques make 1t possible to use holography directly, on

the factory floor and by unskilled employees. Furthermore, there is no need
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for high power lasers, thus reducing both the capital outlay and the

seriousness of accidents.

The determination of the sign of the deformation has been difficult wuntil

recently, but can now be carried out by sandwich holography.

A number of inventions for the use of holography in 1industrial applications
has been made by Abramson (1981) and co-workers. Thus, studies of the
deformation and vibration of large machines, whole live human beings, metal
and plastic products, 1injection moulds in use as well as the microscopic
vibrations 1in the eardrum of a listening grasshopper have been reported by

several authors, e.g. Abramson (1981), Dirtoft et al (1984).

The possibility of repositioning the sample in the equipment after different
kinds of treatments, further extends the range of applications (Dirtoft et al,
1984).

The swelling of complete upper dentures (made from PMMA), due to water
absorption, has been studied directly in the aqueous system. Continuous
measurements were carried out and the dimensional changes could be followed

over several weeks. By repositioning the denture, it was also possible to

study 1its deformation after being used by a person for a lengthy period of
time. (Dirtoft et al, 1984)

Holography has also been successfully used to measure the post shrinkage and
the warping of 1injection moulded plastic products by wusing a recently
developed apparatus placed close to the injection moulding machine 1n the
fabrication hall. (Dirtoft and Jansson, 1984)

-
.L.AA;.A‘ "

In conclusion 1t 1is clear that, due to the new simplified techniques,

holographic {nterferometry has become a valuable tool for routine non- _u}}}}g

destructive testing and quality control. . f?i
* . e
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Session VII: Fracture mechanics as a method for quality control
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WPVC - THE STATE OF THE ART
Dr R Lyall .
Bartol Ltd, Pollard Moor Works, Padiham, Burnley, Lancs BB12 7JR
Abstract f*ii
uPVC pressure pipe has been used extenaively for the last 25 years. ;
Although experience has been generally very satisfactory, there have been
a few mremature failures, a fact which has concerned both suppliers and
water companies. > J
4

Recent co-operative work by the uPVC process industry, material suppliers
and university research teams has lead to the development of better
methods of quantifying the quality of a uPVC pressure pipe.

Since most failures are initiated by the propagation of cracks, the
concept and test methods of fracture mechanics have been applied. It has
been found that materials which are 'identical' when compared under
historical methods can now be quantitatively graded.

The new test methods have been included in a British Standard for
pressure pipe and will ensure that all pressure pipe is manufactured to a
uniformly high standard.

1. Introduction

For over 20 years uPVC pipe has been used for pressure and non-pressure
applications within the water industry. It is currently estimated that
some 40% of all new water distribution pipes installed are manufactured
from uPVC and this high level of usage reflects the general satisfaction
with the performance of the product.

However, there has been a number of premature failures which has caused
concern both to the users and suppliers within the water industry. It
has been disturbing that the pipes which have failed in service are
nearly always satisfactory as judged by conventional standards. These
are based on simple mechanical tests measuring burst strengths and times
to failure under constant stress.

Over the last five years there has been a programme of work aimed at
understanding the reasons for failures and developing test methods which
are applicable in a manufacturing situation and which will distinguish
between the pipes that may fail from those which will perform to their

g design performance. The work has been a collaborative effort,

,!; , co-ordinated by the Polymer Engineering directorate and conducted by the
main uPVC pressure pipe extrusion companies and university researchers,
but mainly the group headed by G P Marshall at Manchester Polytechnic.
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This paper summarises the results of the work and describes the new test
methods which are now being used within factory bases and which allow a
more quantitative approach to the manufacturing of uPVC pipe of defined
qualities.

2. Historical Standards & Design Philosophy

National and international standards define the minimum requirements for
uPVC pressure pipe. All main national standards base their design
criteria around simple mechanical tests measuring burst pressures and
times to failure. PVC, as with other thermoplastics, exhibits time
dependent properties. (British Standard BS3505)

The conventional method for determining the design stress is to determine
the failure characteristics by pressure testing relatively short samples
of pipe over relatively short time scales (approximately 10000 hours at
20°C). The resultant hoop strength is plotted against time to failure on
a double logarithmic scale and, by convention, extrapolated to obtain a
failure stress at 50 years.
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Fig.l : Long Term Regression Data

The 50 year design stress is obtained by applying a safety factor to the
failure stress. This factor varies between 2.0 and 2.5, for different
countries reflecting the results of their specific experiences. This
safety factor is intended to cover the unpredictable conditions that can
influence the service life of the pipe and not to cope with any
irregularities in the quality of the pipe.

At ambient temperatures, the failure characteristics of uPVC pipe
produced in the laboratory are consistent and repeatable. The failure
mode in the laboratory is always accompanied by a significant amount of
swelling and deformation. This type of failure mode is never seen in the
field. Service failures show no gross deformation of the pipe (eg.
'brittle' as opposed to 'ductile' failures) and by their nature are not
predictable.
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The extrapolation technique has been the subject of discussion for an
appreciable period. With many plactic materials, it is possible to
generate brittle pipe failures by pressure testing at elevated
temperatures. At these temperatures (60°C is used for PVC) the mode of
failure resembles the service failures more closely. In some countries
there is a general acceptance that the absence of brittle failure at 60°C
can be used as a criteria that the regression line based on ductile
failures at 20°C may be extrapolated linearly to 50 years. Considerable
progress has been made in this area, although it seems debatable whether
the application of elevated temperatures raises more questions than those
answered. (Benjamin, P (1980))

3. Failure Mechanisms in Service

The unpredictable nature of the failures that occur shows that the
failure mechanism is not directly related to the bulk properties on which
current design stresses are based. From the examination of failed pipe,
it is now believed that the failure process can be generally described.

The failures originate at flaws or structural defects within the pipe.
No material can be perfectly homogenous and the defects or foreign
particles within the structure act as stress concentrations in a similar
way to surface scratches developed during handling and installation.

In the field, the loading conditions differ significantly to those in the
laboratory pressure tests. In addition to tensile hoop stresses
generated by the internal pressure, secondary loads can develop due to
insufficient pipe support. In particular, bending over point loads in
poor bedding conditions can cause stresses which are high and localised.
Most failures initiate from the lower surface of the pipe and it is
believed that these localised stresses, usually associated with
identifiable point loads, are the prime cause of crack initiation.

Because thermoplastics are time dependent materials, the initial defect
does not instantaneously start to grow. There is an incubation period
vhere creep deformation causes an increase in the crack opening
displacement (COD) to a critical level. (Marshall. G P (1982))
(Williams, J G (1978)). Following the incubation period, the crack
extends in size and there is a period of slow growth when the crack
extends across the section. The initiation and growth of the crack is
resisted by the toughness of the material.

Complete failure of a pive can occur in two ways. Point loading tends to
produce a crack of disproportionate length in the axial direction, due to
the commressive stresses immediately above the load which supresses crack
growth through the pipe wall.
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If the crack can progress through the pipe wall, then leakage may occur
which reduces the stresses which may arrest the crack. Altematively,
unstable failure will occur before the crack has traversed the section.
The crack will develop axially to the size whereby it becames unstable
to cause a catastrophic failure.

4. Revised Design Philosophy

From the above discussion which suggests that service failure is
generally caused by delayed cracking, three factors govern the pipe
performance:

i) the toughness of the material

ii) the defects - size, distribution

iii) the applied stress condition - the combined effect of
intermal pressure and external loads.

The initial work has been to determine new test methods which would allow
the toughness of the PVC pipe to be measured simply and accuately.

The toughness of the pipe material depends upon the molecular chain
length, commonly termed K-value, and the processing history. For
materials suitabtle to be processed and to satisfy the internal pressure
carrying characteristics needed, the K-value has relatively little effect
upon the properties of the final product. However, the extrusion history
is critical in defining the properties of the finished product.

PVC is thermally unstable and cannot be processed without addition of a
stabiliser/lubricant system. The additive system has to be in balance
with the process conditions/extruder/die for adequate properties to be
achieved in the finished product. The process of fusing the polymer
particles into a homogenous matrix is termed gelation. Several indirect
methods (optical/chemical/rheological, Benjamin, P (1980)) exist to
estimate the degree of fusion achieved. Historically, the degree of
fusion has been used as a guide to the quality and hence toughness of the
material, However, each of the methods suffers from the same weaknesses;
each method is indirect, formulation dependent and not absolute.

5. Test Methods

Fracture mechanics testing methods have been developed in recent years to
predict the behaviour of polymers in engineering applications. With PVC,
the points to prove were:

i) whether a measurement of toughness could be made.

ii) whether toughness distinguished between pipes which
were known to be of different qualities,

iii) whether toughness could be measured simply and
absolutely from pipe samples in a factory
enviromment.
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5.1 Initial Tests

‘Unnotched' testing of uPVC does not simulate the brittle failure mode
seen in service. There is a need to resort to the use of pre-notched
samples. The influence of crack depth on failure stress can be
characterised by devising a value of fracture toughness Kc given by:

Kec = ‘7 \/m

where Gzis the brittle failure stress, ‘'a' is the crack depth and 'Y' is
a geametrical factor dependent on test configuration. (Rooke, D P and
Cartwright D J (1976)).

A range of different sample geometries for estimating the failure
toughness values of uPVC is shown below. (Marshall, G P (1982)). One of
the difficulties is ensuring that failure occurs at stresses
significantly below either gross or net section yielding across the
ligament area ahead of the notch. (Marshall, G P (1983)). ASTM
recommend that values of Kc are valid if fracture stress Gz is less than
0.85c3.

The initial tests were conducted in simple tension, with sets of pipe
which showed markedly different levels of gelation. Poorly gelled pipe
failed at stresses well below net section yield for flaws greater than
the critical flaw size (ao) and a toughness value can be determined.

(Ke = 2.75 MN/n®l® ). A value for the well gelled pipe cannot be
determined, with the pipe showing a characteristic which can be confused
with the yield line above.

The measurement of toughness in bending is more suitable for higher
toughness matrices. Because collapse in bending only occurs when a
plastic hinge is developed across the section, the effective yield stress
is enhanced to 1.56;, (oyis the stress at first yield). Hence brittle
failures are more likely to occur for small critical flaw sizes before
net section collapse. Three-point bending samples were used to evaluate
Kc values - especially for large diameter pipes which allow flat samples
to be machined from longitudinal pipe sections.

Kc was evaluated over a range of pipe qualities and very large
differences were observed; typically over the range from 2.0 to
4.0 MN/m¥® when measured over a period of a few seconds.

Fracture toughness values are sensitive to strain rate and time, as with
other material properties of thermoplastics. Kc was measured over a time
scale of up to several thousand hours and differences in toughness
observed between the poorly and well gelled pipe in the instantaneous
tests are mintained. (Marshall, G P (1982) (1983))

Flexural loading has many attractions for evaluation of large diameter
pipes, but is not simple to use for assessment of smaller diameters,
since curvature effects can be significant. Different geometries were
tested before a split notched ring was chosen.
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Fig.2 : Different Designs of Test Samples

The rings were tested to failure at a constant deflection rate, the
failure occurring in a brittle manner. Reproducibility of results was
excellent and there was again good resolution between the high and low

toughness pipes.

5.2 Effects of Test Parameters

Thus a test had been developed which satisfied the criteria of
quantifying the quality of the pipe, while at the same time being simple
to use in a manufacturing environment.

However, on further testing over a range of pipe samples (diameters from
75mm to 600mm, wall thicknesses of 4mm to 30mm) there was doubt as to
whether the K-values being developed were true material properties.
Although the results were self-consistent within one geometry range of
pipe (110-150mm), the values were not self—consistent when viewed across
the whole range and when compared with the historical qualitative
assessments of gelation. In particular, K-values obtained for large
diameter, thick walled pipes were generally appreciably higher than those
obtained from small diameter, thin wall pipes. When viewed by historical
methods, it was expected that the toughness of the thin wall matrices
would be at least as great as that from the thicker walled samples.

5.2.1 Dynamic Testing

Simple observation of the notch in a ring tested to failure at a fixed
deflection rate shows that the peak load is greater than the load
required for the initiation of the growth of the notch. The differernce
between initiation and peak loads is likely to vary with the toughness
level of the pipe. With low toughness uPVC, there is substantial slow
crack extension prior to 'brittle' failure. This will give invalid
levels of Kc as the slow growth varies with the critical crack depth.
with high toughness uPVC, the crack initiates at much higher stresses
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when the plastic zone is large and this limits the extent of slow crack

growth. Thus, with uPVC, the peak load data gives a more valid level of
Kc. Typically, there is a difference of up to a factor of 2 between the
K-values determined from initiation and peak loads.

(Marshall, G P (1983)).

This problem can be resolved by using a fixed load, assuming initial flaw
lengths and measuring the time to failure at a given K-value.

5.2.2 Geametry Effects

This apparent lack of correlation across all geometries prompted the
question of further geometry and testing effects and, indeed, this has
proved to be the case.

(a) Influence of Notch Sharpness

Simple stress concentration theory gives the stress ¢f at a notch 'a' and
tip radius 'Q' as
6'" . & (l + 2,,%)

Tests were conducted over a range of tip radii, and Kc was plotted
against 'é‘ﬂ For tip radii (¢ € 0.025mm), the conventional independence
of 'strength data' was illustrated while for blunter cracks, the effect
of decreasing stress concentration was observed.

The systematic difference between the high and low toughness pipes over

the whole range of notch radii indicates that differences in gelation do
cause real toughness changes. (Marshall, G P (1982)).

(b) Sample Size Effects

The Effect of Thickness was measured in samples up to 40mm thick. Using
the initiation values and thickness up to 15mm, there is little effect on
the measured K-value.

The Effect of Width was found to be critical. There is a large effect
(approximately 50% variation) with width in the range 3 - 15mm,
(Marshall, G P (1983)). This is the range in which most pressure pipes
fail,

These results generally agree with earlier findings of Chan and Williams
(1981) on MDPE. As in the case of MDPE, the results can be fitted by a
solution to the post yield theory of Bilby (1963).

This fit to the post yield theory has been checked on several other
samples of uPVC and experimentally appears to be valid. The effect of
width, especially in the range of 3 — 15mm appears to explain the
previous lack of consistency of fracture toughness values across the full
product range.
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6. Conclusion

wWith the corrections to allow for the effect of test parameters, the
split ring test now meets the criteria that were originally set.

The uPVC pipe industry has been provided with a quantitative, simple tool
to help monitor, control and develop producton quality. This is the
first major new technique to be introduced for several years and is
likely to be followed by the development of other techniques.

In the uPVC process industry there is a need for improvement of
techniques in two general areas: these are techniques for product and
process development and for process and quality control in the subsequent
manufacturing activity.

The application of fracture mechanics measurements is a good step
forward., However, there is scope for improvement in terms:

a) detection/measurement of any impurities/defects.
The current method is a simple impact test. Improvements are being
attempted by both mechanical tests with better resolution and by
non-destructive (ie x~ray) methods.

b) convenient techniques to resolve any variations within materials
and processing.
At the moment the uPVC processing industry relies on a combination
of relatively simple tests on incoming material and attention to
the consistency and reliability of processing.

This combination has lead to the development of relatively efficient
manufacturing processes, producing good quality product., Better on line
techniques for detection of 'out of tolerance' product properties will
allow further improvements in both processing efficiency and product
quality to be made.
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THE FATIGUE DAMAGE MECHANICS OF FIBROUS LAMINATES

A Poursartip, M F Ashby and P W R Beaumont
University of Cambridge

Department of Engineering
Trumpington Street, Cambridge CE2 1PZ

ABSTRACT

A damage model is proposed based on the idea that physical damage
changes the moduli of the composite. By nondestructively mcnitoring these
moduli during fatigue, damage growth can be determined. A critical or "terminal"

damage is then defined, so that the moduli allow the residual life to be

calculated. Empirical laws are derived for damage growth as a function of

the stress range, mean stress and the terminal damage. These laws can be
used to predict the shape of the S-N curve, and lives and damage growth

rates under variable amplitude loading, with reasonable accuracy.
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INTRODUCTION

During fatique of a fibrous composite, damage accumulates within it.
The damage may have several components: fibre treakage, matrix cracking,
delamination, axial splitting, decohesion between matrix and fibre, and so-
forth, The damage can be monitored non-destructively by measuring one of
the properties of the composite: the moduli, for instance, or the electrical
conductivity, or light scattering, or the X-ray absorption, or ultrasonic

attenuation, or the damping coefficient.

The Damage Model

Let fatigue damage be measured by the variable D. At the start of
life D is zero unless damage Di has been introduced during fabrication, or
by earlier history. Cyclic loading causes damage to increase from Di to

Df at which failure occurs.

Let the damage growth rate depend cn cyclic stress range Ag, the load
ratio R, and on the current value cf D. Then, at constant temperature and

frequency,
dD/dN = £ (Ag, R, D) (1)

This can be integrated to give the lifetime, Nf:

£ dD
Ne =] f(Ad, R, D) (2)

The difficulty is that we do not know the function f. But mcdulus can be
measured to monitor damage. If a relation exists between axial modulus E

and the damage D:

E = Eo g (D) (3)

where Eo is the undaraged modulus, then




1
E

where g' means the derivative of g with respect to D. Using the chain rule

for differentiation and substituting into egn. (1), we find:

1

25

E -1 E
(E—)) f(Ao, R, g (E')) (5)
o o

...1_ = ' -
(o]

where q-l is the inverse cf g:

D=g (EE-’ (6)

This equation suggests two alternative approaches to studying damage in composites.
First, a damage-accumvlation function, f(Aou, R, D), can be guessed or inferred
from a model, inserted into eqn. (5), and the result compared with experiment.
Alternatively, data can be gathered for E/Eo as a function of N and, knowing

g(D), f{Ao, R, D) can be determined experimentally, using:

1 1l 4E
f(Ao, R, D) = 1 E E an (7)
g'lg (E—)’ o
o

To do so, the right hand side of the equation is evaluated for a range
of values of Ao at constant E/Eo and constant R, for a range of R at constant
Ao and E/Eo, and for a range of E/Eo at constant Ac and R. The function

f is then determined from a plot of the results.

General Fatique Behaviour of a Quasi-Isotropic Carbon Fibre Laminate

In tension-tension fatigue matrix cracking and delamination occur.
The first appearance of damage is of matrix cracks in the 90° plies, followed

by matrix cracking in the 45° plies, and edge cracks (small delaminations)

at the 45°/90° and 90°/-45° ply interfaces. The edge cracks at the 90°/-45°

interfaces beccme dominant and grow in from the edge as a large, single,




or occacionally two or three large, delaminations. The longer the fatique

life, the more delamination growth takes place before failure. If the fatigue
life is sufficiently long, the 0° plies become extensively damaged, essentially

in the form cf fibre breakage and lonrngitudinal splitting.

Damage Caused by Delamination

The theoretical axial mocdulus of a balanced, symmetric laminate is

(Jcnes, 1975)

1
E = (8)
X
o 11 t
where Xll is the first element of the inverse extensional stiffness matrix

-1 . . . .
(Ai' ) and t is the laminate thickness. Then, if we assume that one or

more interfaces delaminate completely, splitting the laminates into two or
more separate sublaminates, all of them subjected to the same longitudinal

extension (but no longer the sare transverse strain), the new stiffness is
E*:

E. ti
L2 (9)

t

t

*

]
He~-3

where E* is the new stiffness of a laminate where one or mcre plies have
completly delarinated, m is the number of sublaminates formed, Ei is the

laminate stiffness of the ith sublaminate, and ti is the thickness of the

ith sublaminate.

The stiffness E of a partially delaminated specimen can be calculated

using a linear rule cf mixtures (O'Brien, 1982):

A (10)

where A is the delaminated area, Ao is the total interfacial area, and E*

is given by eqn. (9).

4 2.2 4

0.
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Figqure 1 shows that E* (corresponding to total delamination of the

relevant interfaces) is = 0.65 Eo. There is an empirical linear relationship

between stiffness and delamination size. In the delaminated strips at the

¢
vy

edges of the specimen, cracking of the off-axis plies is so complete that

' .
1

their contribution to the laminate stiffness can be totally ignored. 1In

' A ",'A,“ ' \
WO YOO

the undelaminated areas, however, we must assign undamaged moduli to the

off-axis plies.

v

L
Y

We now define our damage D as the normalised area A/Ao egn. (10),

within which only the 0° plies are undamaged. Thus the function g(D) in

.-

eqn. (3) can be expressed as:

-
|
g(b) =1 - 0.35D (11) : 1?1
for our CPC laminate (see Figure 1). Then: ‘l-f
R
D = 2.857 (1 - E/E_) (12) d
[ S
.»-_.j\
and from egn. (7): o
oo
£(As, R, D) = -2.857 (= ZE, (13) S
v R : E_ dN e

The Damage Rate as a Function of the Stress Amplitude

The stiffness reduction rate for all specimens was calculated by fitting
a least-squares regression line to the appropriate section of stiffness reduction-
cycle curves. The damage rate dD/dN was then calculated using the derivative

with respect to N, of eqn. (12}:

dp _ _ 1 dE
gN = -2-857 (Eo ) (14)

Figure 2 shows the damage rate dD/dN as a function of stress range
Ao. All the data are for a load ratio R = 0.l. Each point represents a

different test. Both axes are logarithmic.
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There are three regimes of behaviour:

(1) Below a threshold stress of about 250 MPa, no darage forms. i
g
(2) A power-law relation between dD/dN and Ao over most of the stress :
]
range. 4

(3) At stresses approaching the ultimate tensile strength of the material,

we cbserve essentially static failure.

A least-squares regression line fitted to the data points between

Ao = 240 MFa and 480 MPa, R = 0.1, gives the following empirical equation:

s g 6393
Iy = 9-189 X 1077 (==-) (15)
uTS

with a coefficient of correlation of 0.964. The mean ultimate tensile strength,

g = .
TS 586 MPa

Equation (15) is shown in Figures 2 and 3 as a solid line.

The Damage Rate as a Function of the Mean Stress

Figure 3 is another log-log plot of damage rate dD/dN as a function
of stress range Ac. However, all test results, at different load ratios
R, are shown. The numkers next to each point indicate the value cf R at
which the test was conducted (when R = C,1 this is omitted). Inspection
of this plot shows a mean stress effect. For example, when Ac = 220 MPa,
increasing the mean stress from R = 0.1 to R = 0.53 accelerates the growth
rate by at least o factor of 4. Similarly, tests runs at Ao = 160 MPa with
R = 0.6 show growth rates comparable to those one would expect if there were

no threshold behaviour, and the power-law relation obeyed.

The data are replotted in Figure 4 as the damage rate dD/dN as a function
of the mean stress. Fach set of points represents a different stress range.
For a given stress range, there is a limited range of mean stresses that

can be applied, without going into corpression, or cxceeding the UTS of the “ -
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laminate. The mean stress effect seems larger at low stress ranges., However,
the effect of the mean stress on the damage rate, is much smaller than that

of the stress range.

Least-squares regression lines were fitted to the data for Ao = 225, }j.j
160, 100, 60 MPa in turn. The slopes were 2.88, 2.74, 2.60, 2.61, respectively.

Taking the average slope, we have:

2.71
an = (o) (16)

The Terminal Damage

-
i. Figure 5 is a plot of normalised stiffness E/l:‘.o versus cycles; all
[ '

the curves for tests with the same maximum stress Gmax = 517 MPa; but with

different stress ranges. Though the damage rates and lives very considerably,

the amount of stiffness reduction at failure is reasonably constant. This

suggests that the failure criterion is determined by the maximum stress.

Figure 6 shows the variation of stiffness reduction at failure with

maximum stress applied. The horizontal axis is subdivided into two parts.

For (1 - E/Eo) < 0.35, the only damage present is D the damage due to delamina-

ll

tion. Above (1 - E/Eo) = 0.35 any extra stiffness reduction is due to fibre

breakage and splitting of the 0° plies.

The scatter is large, but there is a linear relation between maximum

stress and damage at failure., Plotted on Figure 6 are lines of constant

:‘ elastic strain to failure. Talreja (1982), O'Brien (1982 ) and earlier theories »-w.—ﬂ
- such as the maximum strain criterion (Jones, 1975) have postulated that the

critical failure parameter is the applied strain.

In a load-controlled fatigue test, as E decreases due to cycling,

the maximum strain € increases. When ¢ = Ec failure occurs.

- - o

o
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Under static loading, assuming no stiffness reduction, e
o . |
UTsS S
= ———— 7 T

c E (17)

o

After cycling at some maximum stress omax' the strain is: S
-4
O’max . .
= —= 18 el

€ E (18)

where E is the reduced modulus due to damage. —_—

Rearranging eqns. (17) and (18), and using egn. (12), we have, at

. failure,
. .
: Df = 2.857(1 - Ef/Eo) = 2.857 (1 - Gmax/GUTS) (19)

The lines plotted for ¢ = 550, 600, 650 MPa respectively. The

UTs

data is reasonably well explained by this hypothesis.

General Equation of Behaviour in Tension, and Prediction of the S~N Curve

In the range A0 = 240 MPa to Ao = 480 MPa we have:

6.393
4D _ 5,189 X 1077 (2% (15)
dN [o
uTs
for R = 0.1, where the mean ultimate tensile strength, o = 586 MPa.

UTs

The effect of mean stress is such that, at low stress amplitudes,

g (R > 0.1) 2.71
(32, = (&2 X (2 —) (20)
‘ dN R>0.1 dnN R=0.1 g (R = 0.1)
. The amount of damage at failure, Df, is determined by the maximum
- applied stress:
e
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g
D = 2.857 (1 - 55‘55) (19)

f
UTSs

Recalling eqn. (2), and substituting for £(Ac, R, D) from eqn. (15},

then:
- D -6.393
. N, = [ ©1.088 X10* (2% dp (21)
. D, o]
.. i UTS
!! At the start of the test Di = 0. Df is determined by eqn. (20); as

the damage rate calculated from egn. (14) is valid only for R = 0.1, we

s substitute in for omax in terms of Ao, :{I'F‘

0max =1-Rr° 1.11 Ao (22) RS

Equation (21) then reduces to:

-6.393

N, = 3.108 X 10 (2% (1 - 21389, (23)
%yrs uTS LT
and if R # 0.1: A

S
4 Ao ~6-393 0 (R =0.1) 2.71 O rax S
N_ = 3,108 X10" (——) (——————) (1 - —) (24)

f 5 om(R > 0.1) OUTS

uTsS

This will underestimate the life at high stress ranges, as the mean

stress exponent of (2.71) was calculated using low stress amplitude data.

Figure 7 is the S-N curve for the laminate (R = 0.1). The life predicted

from eqn. (23) is also plotted for o = 550, 600, 650 MPa respectively.

uTs

The effect of changing o by 106G MPa is very small at the low stress, high

uTs

cycle end of the range., However, the high stress, low cycle region is very

sensitive to a change in the assumed tensile strength. -1,u”w
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Agreement betwen observed and predicted lives to failure is good,
though this agreement merely verifies that there is no inconsistency in our
treatment so far. However, we could predict the S-N curve for other R-ratios,

given than R > 0.
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Discussion of Section VII

Dr Lyall was asked whether fracture mechanics testing
manufacturing runs.

pipe manufacture.

Dr Beaumont’s presentation stimulated discussion on the
damage ultimately responsible for the failure of fibre
This discussion 1included comments on the physics
reinforcing fibres and plastics. It appears likely that
say, fibreglass and epoxy resin lies in the '"no

physisorption and chemisorption. It was pointed out

is practised during

The answer given is "yes" in the case of PVC pressure

origin of the fatigue
reinforced plastics.
of adhesion between
the adhesion between,
man’s land" between

that, even for the

simplest of systems, such as the adsorption of argon gas atoms on freshly

cleaved graphite crystals, rigorous theoretical models have still not been

satisfactorily developed.
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VARIABLE FREQUENCY ULTRASOUND DETECTION OF PHYSICAL CHANGES
IN GELS AND SOLIDS

Norman Barraclough

Instituto Eduardo Torroja, Consejo Superior de Investigaciones Cientificas

Avda de la Paz s/n, Chamartin, Madrid 33, Spain

Summary

Variable frequency ultrasound waves have been passed through fresh cement
paste specimens. At 5-minute intervals a continuous scan over a range of 30
to 60 kcl (kHz) of ultrasound frequency has been applied to the specimen and
the energy transmitted by the specimen has been recorded graphically. In
about five hours the paste evolves from a near gel to a solid. The data
permit a three-dimensional study to be made of the setting process: as a

function of time (X); rate of energy transmission (Y); and ultrasound

frequency (2). It is observed that as a general trend Y increases with X for _
all values of Z. But for certain values of X and Z there are inflections of Y 'f;ﬂ

which 1indicate energy absorption by the paste for narrow ranges of time and tfﬁj

o "
b ultrasound frequency. For approximately the same values of X but other values g
‘ of Z the value of Y may not show an inflection, suggesting that the paste Zf}}
o

structure at a given time during its physical evolution resonates for certain L

frequencies of the ultrasound. It i{s suggested that this technique may be ?];;

more generally useful for monitoring structural evolution of materials,
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including polymers. Eﬂ}q
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Introduction s

.

Many materials start as gels or near gels and, as a consequence of chemical
and/or physical change, they subsequently become recognisable as solids. Such

physical and/or chemical transformation can be followed by passing through the

T W .. 7

material wultrasound (elastic) waves and recording the amount of ultrasonic

. v

energy the material transmits per unit time as its elastic properties evolve.

This permits the determination of energy/time relationships which purport to
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correspond with specific changes and discontinuities in the evolving

properties of the material. -

There is a further and more useful property. 1f the ultrasound waves applied
to the material cover a certain range of wavelengths, all of which are applied
at each time interval for which a record is taken, it is possible to discover
if the energy/time relation is also dependent on the ultrasound frequency.
This in turn can lead to correlations between ultrasound frequency and ﬁ}\
specific variations in the energy/time diagram and hence to identification of 5
stages In the evolution of the material that are more sensitive to specific -
ultrasound frequencies. In the study of polymerisation, especially when this j?
proceeds at relatively slow rates, it is likely that individual physical and ]

chemical processes can be closely monitored by passing a range of ultrasound

frequencies through the material at suitable intervals and noting changes in *““_ii
the energy/time relation for different frequencies. _““_j?
78 Test n*76 ]
prem—— e e
e v .
— % & . q
81 a2 .
; - Retf. 76, 78
3 > | =— =y ) = = Y cmm cmm cwm mme wmm D e cemn e — — —
o ©
- @
b\, w
- z | = — e e Ret7475, 79
-
L @
i 1 L 1 Y ] 1 t 1 ,LR. f. 18‘,&, '23. 126
: 1 2 3 L S 6 7 8 9 10
3
' TIME (h)
L
4 Figure 1
° g
=
: In tests carrlied out during the setting of cement paste, wutilising both
constant and variable frequency ultrasound, experimental results show
. inflections in the energy/time diagram (see Fig. 1) which suggest resonance
for transmission by certain structures of the setting paste. That these
inflections are attributable to resonance is supported by changing the
¢




frequency of the wultrasound and noting that the {nflections are usually
displaced to another point of the real-time axis (see Figs. 2 and 3). Also,
these inflections cannot be attributed to temporary decreases in the elastic
properties of the evolving material, since simultaneous records of the
ultrasound velocity through the specimen show a uniformly increasing velocity
with time (see Fig. 4).
1hr 1.95hr 1.30h
35K 65Kct 35K 65Kcl
2.15hr
2hr
35Kcl 65Kl 35Kel 65Kct 3SKcl 65Kcl
2.30hr 2.45hr 3hr
ISKci BSKCL 35 Kel ) 65Kcl ISKel  eSKel

Figure 2
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- Ultrasound energy transmission in evolving materials

The transmission of ultrasound waves by a material relates to 1its elastic
properties and hence to its microstructural discontinuities and organisation.
If the microstructure is complex and without clear-cut interfaces between its
various phases, only statistically sampled results about its general physical
} ; properties may be deduced from its transmission of ultrasound. The amount of
energy passing through a material undergoing fairly rapid physical and
) chemical changes 1s mainly a consequence of changes in elastic properties.
q However, 1f the relationship between real-time and energy shows clear
inflections such as are evident in Fig. 1, the like of which cannot be
attributed to wuniformly progressive phenomena such as progressive curing
(polymers) or progressive hardening (cement) but indicate events that occur
.‘“ within narrow time intervals of the whole, then these inflections presumably
reveal additional facts about the evolution of the material. Thus, the
energy/time diagram is a useful source of data for the structural analysis of
an evolving materiél. This technique becomes much more powerful if constant

{gt frequency wultrasound 1is substituted by a variable frequency source of
ultrasound so that a given range of frequencies of ultrasound energy can be '1
applied at regular time intervals. In the present investigation it has been

found that the specific inflections in the energy/time diagram are dependent

() on both the real-time and the frequency of the applied ultrasound (see Figs. 2
and 3).

PryTnp—_

The material chosen for the investigation reported here is cement paste during )
..,u its initial setting process. Cement paste is a complex material consisting of ) .ﬂ
powdered clinker (containing mainly tricalcium silicate, bicalcium silicate, .
_ tricalcium aluminate and tetracalcium ferrite aluminate) and water, which
“i: combine chemically to form, 1in the course of a few hours, a solid material
." that continues to harden during many weeks. The hardness asymptotically ' !é

approaches a maximum value at very long time. Physically, the cement paste )
o changes from an initial quasi-colloid substance during the 1initial wminutes J
after mixing to a more or less rigid solid after about an hour and the :
o subsequent progressive hardening is believed to correspond to increase in the ié

proportion of crystallized material.




Experimental details
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Cylindrical specimens weighing about 300 gm and measuring 3.5 cm in diameter

and about 8 cm in height were cast from fresh cement paste,

in which the

proportion cement/water was slightly varied from one batch of tests to the

next. Each specimen was placed in a plastic cylinder open
Specimens

ultrasound transducers,

one emitting and the other receiving the

at both ends.

thus encapsulated were placed vertically with flat ends between two

radiation.

Acoustic contact with the emitter was made through a grease layer (Fig. 5).
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Ultrasound energy recording was started about ten minutes after the cement and
water were first mixed. Initially the specimens were soft and malleable and
lacked all obvious signs of rigidity and elasticity. The signal reaching the
receiving transducer was amplified and recorded on tape. The amplified signal
(decibels) was used as a measure of energy. The signal was also displayed
shown as trains of impulses on the oscilloscope (Fig. 6). Fig. 1 shows the
energy/time relationship recorded as the specimen sets to a solid. Fig. 6a
shows the wultrasound wave train received at a stage of inflection of the
energy/time diagram, and Fig. 6b shows the wave train received at a later
stage in the setting of a specimen at which time the diagram energy/time

reveals no inflection.

The results of tests using constant frequency ultrasound show that the
transmitted energy increases with time. Taking the smooth envelope of the
data as an approximation for the overall behaviour, the relation between the

energy and time we find is:
10gE=tl/n+K (1)

where E 1s the energy transmitted in unit time, t is the time from the start
of the cement setting process and n and K are constants., n lies between 2 and
3. It should be noted that this expression seeks only to roughly describe the
E/T relationship. It does not include any inflections, some of which give

rise to deep minima.

Inflections are sharper and more frequent during the earlier part of the test.
In the later stages of setting they are more extensive along the time axis and

less extensive along the energy axis.

Inflections are thought to be indicative of chemical changes in the paste,
such as large scale readjustments in the molecular structure. As already
pointed out, they cannot be attributed to sudden changes in elastic properties
of the material because such changes would produce changes 1in ultrasound
velocity. Velocity/time data reveal no inflections and, in mosi cases, the
velocity increases continuously with 1increasing time. The probable

explanation of the E/T inflections is that they are due to energy absorption
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assoclated with resonance. There are chemical phases in the paste which, when

transmitting elastic waves of certain ultrasound frequencies, are stimulated

to resonate. If these resonating masses vibrate within less hardened paste
that separates the more rigid structural masses from each other, it is likely

that energy is absorbed in the form of heat generated by internal friction.

Experiments with variable frequency ultrasound

To achieve variable ultrasound frequency the emitting transducer was connected “ '5
to an electronic frequency modulator so as to cause the quartz element to

vibrate at frequencies other than its own natural frequency. This arrangement T
proved quite successful and the 1intensity of the waves emitted by the

transducer was almost constant over a range of about 30 kcl (kHz) centred on

its natural frequency (which in this case was about 45 kcl). Consequently it b“iﬁ
was possible to apply to the cement specimens frequencies in the range 30 kcl “
(kHz) to 60 kel (kHz). Since the full range of frequencies cannot be applied
simultaneously, the procedure adopted was to make scans over the range of
frequencies at frequent intervals, say every 10 minutes. An automatic device

was set up whereby the range of frequencies was covered in about 2 minutes,
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and an energy/frequency diagram was obtained for each successive scan. A -y
sequence of such scans, taken at 15-minute intervals, is shown in Fig. 2. The

results were then transferred to a three-dimensional diagram.

Separate two-dimensional diagrams, obtained at consecutive time intervals,
show that the precise location of an inflection, referred to the time axis,
corresponds to a certain frequency in the frequency axis. However, at a

different frequency, the "same'" inflection may appear at a different time on

e

the time axis; hence, by altering the frequency, the inflection at a given

time on the time axis can be made to disappear. Fig. 3 shows the approximate

continuity of inflections in the frequency/time plane. Most such inflections ;";i
tend to appear at higher frequencies as time elapses. This suggests that the i

!
i
ik

inflections in the amount of energy trausmitted by the paste are due to energy
absorption caused by the resonance of specific microstructures in the setting

paste under the action of specific ultrasound frequencies, and as the cement

,.
NI

paste structure evolves, so the resonating structures also change in such a

way as to become resonant to higher frequencies. When the cement paste has
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set quite hard such resonating inflections disappear. This observation s
attributed to the fact that the material develops into a more uniformly

structured mass, i.e. into a mass with more uniform elastic properties.

Monitoring the curing of a polymer (polyester)

A cylindrical specimen of a polyester resin was prepared and allowed to cure
at room temperature over a period of about five hours. During this time a
variable frequency scan was taken of the material at selected intervals. The
sequence of energy/frequency diagrams shows a fairly uniform repetition of
shape, the main difference being in the increase of energy transmitted at all
frequencies as the curing proceeds. The results further demonstrate that the
material has a complex resonating capacity in terms of frequencies, although

this seems to remain fairly constant throughout the cure process; see Fig. 7.

|
| .. 1. |
30min 60min 90 min
ofter mix | Iofhr mix I |
[30Kcl 65| |3skel 65/ [35Kct 70|
|
150 min l |210min 270min
I after mix
i
30Kcl 65 |35Kct ﬂ 35 Kcl 65

Figure 7
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Conclusions

The propagation of ultrasound, and in particular the nature of propagation of
variable frequency ultrasound, has the following useful features when studying

L rapidly evolving microstructures.

A real-time record of the energy transmitted by the material during the
course of its transformation gives information about the elastic
properties during the process of change. Detailed analysis of the
relationship between the rate of energy transmitted and the real-time
can be related to individual phenomena. For instance, observation of
an exponentional relationship between energy transmitted and time may
indicate that the sources of change (e.g. the origins of curing, of
setting, or of solidification) are increasing at any time t in direct
proportion to the density of such sources. It is postulated that this
could be so in a crystallization process which develops uniformly from
every region of material already crystallized. In expression (1), an
exponent n = 2/3 is compatible with the mass of the crystallized
material growing uniformly from all its surface. On the other hand, if
the crystallized matter consists mainly of linear threads, which mainly
grow along their lengths, an exponent of about 1/3 is expected.

Combinations of both morphologies would lead to exponents =~ 1/2,

Variable frequency ultrasound offers the possibility of obtaining
information about the nature of separately vibrating masses that may
develop 1in an evolving material in the course of its physico-chemical
transformation. By subjecting the material to a periodic scan covering
a range of frequencies it is possible to detect at what real-time
values and for what frequencies there are resonances between the
material - or parts of it - and the applied variable frequency
ultrasound transducer., If at a time t, a resonance is discovered for a
frequency fl and at a subsequent time ty the displaced resonance
appears at a frequency fz, it i{s possible to estimate the rate of
development (change in size, in stiffness, etc) of the possible
vibrating masses which resonate first at frequency f1 and later at

frequency f2. In general, by constructing a three-dimensional map

. ‘o, ', CE .
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defined by the real-time axis, the rate of energy transmission of the

material, and the ultrasound frequency, it is possible to follow the

inflections due to particular resonances, as these inflections become

displaced along the time-frequency surface; see Fig. 3.
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ULTRASOUND REFLECTION TOMOGRAPHY OF CRACKS IN POLYESTER RESIN

M. Moshfeghi and P. D. Hanstead
University of Bristol
H. H. Wills Physics Laboratory, Bristol BS8 1TL, England

Abstract

A new technique has been developed for carrying out real-time
ultrasound reflection tomography using cylindrically diverging beams with
highly damped broadband probes. The carrier information of the pulse 1s
dispensed with and only the peak of the rectified rf pulse and 1its
corresponding time of arrival are used for the reconstruction. A simple
deconvolution filter has been used to remove the blurring caused by simple
backprojection. Computer simulations are presented illustrating the
deconvolution accuracy. Experimental images show resolution of wavelength
order. Images of real defects in polyester resin samples are obtained by
using compression waves.

Introduction

Ultrasonic tomographic imaging is a powerful diagnostic tool in Non-
Destructive Testing (NDT) and medical imaging. 1In NDT applications, defect
location and sizing information are obtained from the image. Medical imaging
provides early diagnosis of diseased tissue by painless non-invasive
methods. Transducers used in pulse—echo mode are still the most widely used
arrangement in NDT and medical imaging. The parameter reconstructed is the
reflectivity distribution through the object. The most widely wused
technique, B-scan, produces poor lateral resolution compared with range
resolution. One way to overcome this is to do compound B-scanning with some
deconvolution processing to remove blurring 1, but this requires 1long
scanning times and large amounts of data to be processed.

A new broadband pulse-echo technique for reconstructing a cross—
gsectional picture of acoustic reflectivity has been reported 2 3 yhich
achieves high resolution in both range and lateral directions. A brocadband
diverging wavefront acoustic pulse 1is emitted from an omnidirectional
transducer into a 2D reflecting medium and the resultant backscattered
echoes are recorded as a function of time at the receiver. It is assumed
that the speed of sound is constant over the region of interest and that the
amplitude of the wave backscattered from any scatterer is independent of the
direction of the impinging wave. Under these assumptions, when the same
transducer 18 used as the receiver, the rf backscattered echoes represent
line integrals of the acoustic reflectivity over concentric arcs centered at
the transducer position as shown in Fig. 1. When a different transducer is
used as the receiver, the line integrals are along ellipses whose focl are
the transmitter/receiver positions. The ellipse represents the 1locus of
points of equal transmitter-receiver pair round trip time. By translating
the transducer(s) over a suitable aperture the image can be reconstructed.
Apertures frequently used are circular and line apertures.
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[ Fig. 1. The same transducer used as a transmitter and receiver. The
' echo sequence’ forms a projection representing line integrals of the
acoustic reflectivity over concentric arcs centered at the transducer
position.

Both of the above assumptions break down in real materials, 1in
particular the second one in NDT applications, where defects are often
strong specular reflectors and only visible to a 1limited portion of the
aperture. Thus the concept of the point spread function (PSF) as the single
point resolution of the imaging system f{s not totally valid, but it is still
a good indicator and useful in testing the maximum theoretical resolution of
the reconstruction algorithm. In the analysis to follow, time delays along
extremum paths (between the point reflectors and the probe) are wused for
image reconstruction rather than diffraction theory. These ray paths are
however, often the same or nearly the same as the characteristic solution
lines to the wave equation, which 1ncludes diffraction effects. Thus,
although some energy travels along diffraction paths, a large proportion s
travels along the extremum ray paths as assumed here. ~’»'_ﬂﬂ

The data recording for a circular aperture, using a single probe, 1is SR
shown 1n Fig. 2. The reflectivity of the object in the plane of the BN
transducer motion 18 f(r,0), where the origin of the polar coordinate system !,“__!!
is the center of rotation for the probe, along a radius R. Let the resultant o
echo data recorded at the same transducer as a function of time be g, (t), S .
where t=2p/c and p(¢,r,0) is the distance from the probe at (R,¢) to the I
object point reflector at (ro,e ). It is to be assumed that the receiver . o
gain corrects for attenuation. The simple backprojection of the signals e
g¢(t) for every angle ¢ round the object without prior filtering gives rise | ] ‘!!
to an image Z(r,8), where : ' 1

n .

2 o
Z2(r,0) = fg°(t) ) (1) NS
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Fig. 2. The data recording geometry
for a circular aperture. The probe
is at (R,¢) and a point reflector is

at (ro,eo).

Thus, to reconstruct the image, the amplitude of the A-scan evaluated
at time 2p/c is smeared back over an arc of radius p in image space. This 1is
repeated for each point in each of the A-scans at different transducer
positions and the contribution from them superposed to form the image.

The line~integral interpretation of the recorded echo data leads to the
intuitive 1idea that the echo data generated by the transducer can be
regarded as 1D projections of the 2D object f(r,0). In comparison with X-ray
tomography projections of an unknown density function, these acoustic
projections of the reflectivity function £(r,0) seem distorted because the
wavefronts are diverging and the integration paths are curved. However 1if
the object is small compared with R, the paths that intersect the object are
nearly straight. This approximation is quite analogous to the paraxial
approximation in optics. Another fundamental difference between ultrasound
reflection tomography and X-ray tomography is that in the former, 1if the
beam covers the object, one transducer position gathers reflectivity
information from all the object. But in X-ray tomography the source-detector
pair has to be moved over an aperture for an equivalent amount of
information about absorptivity.

In the classical convolution/backprojection, the projections are along
straight 1lines. Simple backprojection of projections of a point object
results In an 1image with a star shape blurring. The superposition of a
continuous set of lines around the point is equivalent to the rotation over
a circumference of 2nr. Thus, 1intuitively, the PSF for a point object is
1/r. Mathematically, the Fourier coefficients of the simple backprojected
image are equal to the exact Fourier coefficlents divided by the frequency
vector.Analysis has shown that a superior reconstruction can be achieved by
first convolving each projection with a filter function, and then
backprojecting the modified projections “*3, This is called convolution
backprojection. The filter functions are derived by Fourier inverting the
frequency vector ( reciprocal space radius ) and usually have strong
central maxima with symmetric heavily damped bipolar sidelobes. The
filtering operation then effectively weights the projections with the
frequency vector and results in a correct image.

Returning to the simple backprojection along circles for the ultrasound
case, 1t has been shown ? that if very wideband pulses are used then egqn.
(1) becomes

i
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Z(r,8) = [ (1/r) * £(r,8) ] + e(r,0) (2)

Where * denotes convolution. The first term in eqn (2) is the usual 1/r
blurring for simple backprojection along straight lines. The second term is
an error term which is a resultant of the curvature of the circles. For the
point reflector at (ro,eo) we have :

e(ro,eo)-o and lim €(r,08)=0 (3)

R4

Thus at the point reflector the error term is zero but it increases as
the distance from the point reflector is increased because the curvature of
the circles makes the line integrals depart from straight lines. Also in the
limit of R+» the integral paths tend to straight lines and the error term
vanishes.

There are two different approaches to removing the blurring. Iterative
techniques similar to those for X-rays could be modified for curved rays and
employed. These methods, however, result in 1long processing times.
Alternatively, analytical methods could be employed which would not take
into account the error term above but could be done in much shorter
processing times. Here the projections are first convolved with a deblurring
kernel and then backprojected. This makes the impulse response of a point
reflector 1look 1like the kernel in data space and achieves diffraction
limited resolution. The deblurring kernel used for our images 1is the
empirical two term simple filter of Fig. 3.
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Fig. 3. The simple filter used for deconvolution.
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One method to avoid the need for the convolution is to transmit a pulse
which takes the shape of the deblurring kernels. This way, the projections
need not be modified and can be backprojected as they are. In practice,
however, 1t 1is difficult to control the shape of the transmitted pulse and
pulse shape does change in travelling through the object.

Data reduction

-

The real-time system to be developed 1s shown in block diagram form in
Fig. 4. The object is first scanned and data gathered. The data is then
processed and the image displayed. The main problem in attaining a real-time
system 1s reducing the processing times. Other researchers working towards
similar systems have come to the conclusion that real-time systems are not
feasible without the use of array processors 7. Our approach 1s to reduce
the amount of data to be processed by discarding redundant information and
aim towards a cheap microprocessor-based setup.

CONVOLUTION IMAGE

schnming : ‘ ! DISPLAY

PROCESS ING

Fig. 4. A Block diagram of the imaging process.

The data reduction method used by us is well suited for short pulses
and can be used where the image field is uncluttered, as is the case for
most NDT problems. In narrowband systems, spatial information about the
object is conveyed on phase measurements of long pulses. In wideband pulse-
echo techniques, however, information is conveyed on the basis of echo-delay
measurements of short pulses. Under such circumstances, the function of the
phase information of the short pulses is to suppress sidelobes after
backprojecting the projections. The same function, however, could be
realized by a much simpler method which would not require backprojecting the
full shape of the waveform and would result in much faster processing times.

Consider the three echoes in Fig. 5(a). The peak of the pulses can be
used as an accurate indicator of their arrival. For each of the pulses the
entire pulse is replaced by a rectangular pulse that spans one data sample
centered about the rectified pulse peak, and takes on the amplitude of the
peak as in Fig. 5(b) (for our setup, rectification is done in software). The
uncertainty depends on how fast the waveforms are sampled but these average
out because of their random nature. One could alternatively replace the peak
by more than one data sample, or reconstruct the image on a coarser pixel
size. This artificial pulse sharpening process is equivalent to digital
filtering of the echoes by an ideal spiking filter & , but does not consume
the computation time of the former and has been used by other authors 9. 1f
the resulting pseudo-delta functions are backprojected, the 1/r blurring
will result. The simple filter of Fig. 3. 1is used to remove the blurring.
The result of convolving the kernel with the pseudo delta functions is the
kernel {tself, scaled according to the amplitude of the delta functions




y

e 0w e e an on s
I At r]
e e N

. v P

- B e i Sy s e s M Bes la &d ol 4 Aeh e e an e an Bae aen s e A T —_—"

as shown in Fig. 5(c). Thus, the impulse response of point scatterers has
been made to look like the deblurring kernel in a controlled manner, The
negative sidelobes of the kernel perform the same deblurring and sidelobe
suppression function that the phase of the original rf waveform did. For a
point reflector the mainlobe of the kernel would give a positive
contribution to the intensity at that point for all the projections. On the
other hand, for points near and around the point reflector the negative
sidelobes of the kernel will counterbalance the positive contributions from
other projections and thus remove some of the blurring.

Pulse-echo data ,

|

Rectified peak
pulse formation

AN

convolution with
the simple filter

— - -

]

Fig. 5. The data reduction process. (a) The original pulse-echo data.
(b) Replacing the pulses with pseudo-delta functions centered at the
position of the peak of the pulses with magnitudes of the modulus of
the pulses. (c) The modified projections obtained by convolving (b)
with the simple filter.

Another method to reduce the processing time has been the choice of the
weighting functions wused for correiating the ray interaction with the
pixels. In X-ray tomography, various weighting factors are used like the
area of Iintersection between the pixel and the ray, or the distance from the
center of the pixel to the center of the ray. These choices are, however,
lengthy to implement on a computer. Our choice of the weighting function has




been a simple one of 1 or 0, where 1 {s assigned to the pixel with 1its
center closest to the ray center and 0 to the rest. This reduces computation
time considerably but is less accurate. The improvement one gets by wusing
more complicated weighting functions, however, 1is very slight and in our
opinion 1s not worth the additional computation cost. If the picture Iis
reconstructed on a coarser pixel size than the sampled data then the need
for these weighting functions disappears anyway.

Line aperture

The data recording process for a straight line aperture is shown in
Fig. 6. Cartesian coordinates better suit this geometry. Consider a point
reflector (xo,yo) in the x-y object plane. As the probe is moved along the x
axis, 1its output generates a hyperbola in the x—p plane (data space) given
by :

2

1
p = [ Yo + (xo-x)2 ] /2

(4)

Fig. 6. The data recording geometry
‘ for a 1line aperture. The probe is
moved along the x—axis and there is a
point reflector at (xo,yo).

X pm——---
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Much work has been done by other authors 10,11>12 ¢4 yge hyperbolic
delay-summing so that the A-scan signals at different transducer positions
arrive in phase with one another. The scattering amplitude at each pixel is
reconstructed by Integration along the hyperbolic curve unique to that
pixel. This technique has been named Synthetic Aperture Focusing Technique
(SAFT). Although one would expect the process of delay-summing to be
equivalent to convolution backprojection, 1t has been shown that the latter
method 18 capable of a better PSF for wideband pulses‘ .

Computer simulations have been written to generate echo data by
reflecting a given pulse from isolated point targets. These data are then
used to reconstruct an image of the targets. The sampling rate simulated is
11.84 MHz which in water corresponds to a spatial sampling of 1/16th of a
mm. The transmitted waveform is assumed to be a positive rectangular pulse
of 85ns duration. This 1s an easy choice as it represents one data sample
with the above sampling rate.

The first simulatfon attempted was for a point target at
xo=64mm,Y =64mm, with one transducer transmitting and receiving so that
backprojectfons were along circles. A 128mm aperture from X=lmm to X=128mm
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was simulated on the Y=0 axis, along which the transducer was moved in lmm
steps so that 128 circles were backprojected. Fig. 7(a). {1s a 32 by 32
plxels 1isometric plot of the resultant simple backprojected image, where
pixel size 1s lmm and the vertical axis is the normalized reconstructed
reflectivity. For an ideal image one would like just a delta function at the
reflector position but the blurring is clearly evident, as are the missing
zones in it due to the finite aperture. Fig. 7(b). shows a cross section
plot along Y=64mm, which is the line AB in Fig. 7(a). A plot of [1/x]
centered at the reflector position is superimposed for comparison with
theory. Clearly, due to the curvature of the circles and the error term in
Eqn. (2), the blurring 1is 1less than that for straight 1lines. If the
projections are convolved with the simple filter of Fig. 3 Dbefore
backprojection, the resultant backprojection becomes that of Fig. 7(c). The
cross section plot along Y=64mm, which is line CD on the diagram, 1is shown
in Fig 7(d). The blurring has largely been removed.

(a) (c)

{b) ’“._m (d) ‘ [

32mm 32mm

Fig. 7. Computer simulations for a linear aperture with backprojection
along circles. (a) The simple backprojection image. (b) Cross section
plot of (a) along AB with |1/x| superimposed. (c) Image obtained by
convolution backprojection using the simple filter. (d) Cross section
plot of (c) along CD.

An array with 128 elements from X=1mm to X=128mm, with element spacing
of 1mm, was simulated. Data for the same point reflector as before was
generated but this time each element was used as a transmitter and all
others (including the transmitter) receiving at the same time. This process
was repeated for all the elements. The process of simple backprojection of
the data along ellipses results in the {sometric plot of Fig. 8(a) with the
corresponding cross section plot of Fig. 8(b). The first thing to note is
that the blurring {s much worse than that for circles. Secondly, the
blurring 1s much closer to the |1/x| blurring than the blurring for
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circular Dbackprojection. This 1{s because the degree of curvature for
ellipses near the point reflector is less than that for «circles. The

L-.

c convolved image with the simple filter is shown in Fig. 8(c) with the cross
L section plot of Fig. 8(d). Although the blurring is decreased, the PSF is
h much worse than that of Fig. 7(d). This is in agreement with Norton 6  who

found similar degradation in the PSF of backprojection along ellipses as
compared to circles for a circular aperture.

(a) (c)

S
..

' 1
(b) (a) ’ ]
z '\ <]
! o o
AN
A 32mm b b 32mm D ‘

Fig. 8. Computer simulations for a linear aperture with backprojection
along ellipses. (a) The simple backprojection image. (b) Cross section 4
plot of (a) along AB with |1/x| superimposed. (c) Image obtained by C
convolution backprojection wusing the simple filter. (d) Cross section .
plot of (c¢) along CD. -£5

With the straight line aperture of Fig. 6, an infinite aperture would
correspond to X=-=o to x=+w. This would give wavelength-limited resolution.
In practice, however, the finite angular width of the beam, the loss of
energy towards the edges of the beam, and the impracticality of moving the NRE
probe over an Infinite line limit the data gathering to a finite aperture. -
This causes the resolution to become aperture dependent and the PSF to
become spatially variant as was the case for Figs. 7 and 8. Points further
away from the probe see a smaller aperture and show worse lateral
resolution. The computer simulations above were repeated for points further
away from the probe and {t was clear that the transverse resolution worsens
the further away the reflector is from the probes. Experimental images of
test objects In water show transverse resolutions (for a finite aperture)
that are about an order of magnitude worse than the resolution in the
longitudinal direction.
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Circular aperture

There are many practical situations like scanning the human breast,
cylindrical rods, pipes, etc, where there is circular symmetry and a full
360 degree scan is possible. This means that all the rays within the plane
of the circle will be intercepted by the probe, making the technique
sensitive to all spatial frequency components generated by the object and
giving diffraction-limited resolution. Therefore circular apertures were
used for the experiments. The same probe was used to act as both the
transmitter and receiver. This way the backprojections would be along
circles rather than ellipses, as desired for the optimum PSF. Referring back
to Fig. 2. the point response of the reflector at (ro,eo) is no longer
hyperbolic but takes a cosine form and is given by :

2 2 172
p=[ R + ro - ZRrocos(¢—9°) ] (5

{a)

(n) I“ (d)

—_— N
i
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M
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3
3
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Fig. 10. Computer simulations for a circular aperture with circular
backprojecting. (a) The simple backprojected image. (b) Cross section
plot of (a) along AB with |1/x| superimposed. (¢) Convolution
backprojection image using the simple filter. (d) Cross section plot of
(c) along CD.

The computer simulations were adapted for the circular aperture and
backprojection along circles. The same waveform, sampling rate and pixel
size were used but now R=64mm and the target {s at the center of rotation.
The center of rotation 1s equivalent to the carteslan co-ordinate
¥=64mm,Y=64mm and the line ¢=0 1s equivalent to Y=64mm. The aperture was
sampled at 360 transducer locations in 1 degree intervals of ¢. The simple
backprojected isometric image is shown in Fig. 10(a). Unlike the simulations
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before, the PSF for a full circular aperture is circularly symmetric and
spatially invariant. Thus the «cross section radial plots are more o
representative of the blurring. That of Fig. 10(a) is shown in Fig. 10(b) B i
together with |1/x|. Again the blurring is less than those for straight )
lines. The convolution of the projections with the simple filter before
backprojection produced Fig. 10(c), with the cross section plot of Fig.
10(d). The PSF has a main lobe with negative sidelobes each side of it. The
negative sidelobes represent points where the negative sidelobes of the
simple filter have overcorrected the blurring around the reflector.

A The same simulations of Fig. 10. were repeated but different filters

- used. When the three term Shepp-Logan filter “of Fig. 11(a) is used as the
- deconvolution kernel the cross section plot of the resultant image becomes
- that of Fig. 10(b). Similarly the three term Linear Superposition with

f‘ Compensation filter 5(LSC) of Fig. 1l(c). gives the cross section plot of
Fig. 11(d). Comparing these with Fig. 10(d) shows that for the simple choice
[ of the weighting functions used the simple filter is better than the other
' two filters 1if negative scores are not displayed in the final 1image.
{ Simulations for points off center proved that the resolution was spatially .
p invariant. .
= -
, @ _ 9
(a) E {c} 5
.—E—, Q1o ':ﬂ .1 0
L[ Pixer size i Ppixel size . -
: H D
iz i
I . | -0-07 . RO
! -0-33 E >\-:.;-'_'4
' -0-53 AR
-
1 1 T
ib) [ (d) | ST
2 2 U
| ! L]
-— 32mm —e —32MmmMm —e P
o
Fig. 1l. Computer simulations for different filter functions. (a) The ~-~,~!
three .erm Shepp-Logan filter. (b) Cross section plot of the R
convolution backprojection image using the filter of (a). (c) The three
term LSC filter. (d) Cross section plot of the convolution ':
backprojection image using the filter of (c). ‘

Dynamic range

The dynamic range of an imaging system needs to be as large as possible
in order to distinguish between reflectors of different reflectivity. The
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same geometry as Fig. 10 was simulated but with two point reflectors in the
object space. In addition to the reflector in the center of rotation, which
had a reflectivity of unity, another reflector of reflectivity 0.1 was
simulated 2mm (corresponding to 2 pixels) off center. The resulting simple
backprojected image of Fig. 12(a) and its cross section plot, Fig. 12(b),
show that the weaker reflector is totally submerged under the blurring of
the stronger reflector. After convolution with the simple filter, however,
the two are resolved as shown in Fig. 12(¢) and 12(d). This example
represents an increase in the dynamic range of 20 dB.

(a) {c)
o | (@) l
z b4
t X !
A,
0 ,_,///\\\__3 ° i
A 32mm \ 32 mm D

Fig. 12. Computer simulations for dynamic range. Two point reflectors
of reflectivity 1 and 0.1 in object space, 2mm apart. (a) The simple
backprojected 1image. (b) cross section plot of (a) along AB. (c¢)
convolution backprojection image using the simple filter. (d) Cross
section plot of (c¢) along CD.

Finite angle of view

Supposing that the dimension of the object to be reconstructed 1is n
pixels then the number of pixel values to be determined is about mn2/4. As
the echo data would also be sampled at a spatial frequency corresponding to
the pixel size then each transducer position would give n data samples of
pulse~echo data. Therefore the minimum number of transducer positions,
D, needed to determine the pixel values is

D : nn/4 (6)

These positions should be equally spaced from $=0 to ¢=2=n. If the ahcve
number of positions are synthesized on a smaller aperture the image-for ing
capacity of the resulting data will clearly be reduced.
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ol There are some imaging situations where the scanning 1is limited to a
IS restricted angular range because of an obstacle being in the way. If the
L3 beam does not cover the object fully even for a full 360 degree scan some

A reflectors will be seen by only a limited portion of the aperture. In

addition there is the problem of specular reflectors in wultrasonics, where

even 1f the above two limitations do not occur the reflector might still be
visible only at a few points on the aperture. This restriction of limited
angle 1in object space manifests itself into a limited angular range of

g frequency components in the frequency space of the object.

The same geometry of Fig. 10. was simulated but this time the aperture
was limited to 60 degrees, ¢=-30 to ¢=30, and was sampled at one degree
intervals. The respective plots are shown in Fig.13 (a)-(d). The PSF 1is
generally degraded with a broader mainlobe. Also evident are the conical
3 ridges, usually associated with a restricted angle of view, radiating away
a from the mainlobe. These effects were also evident with the simulations of
Fig.7 and Fig. 8, as finite apertures were synthesized. For angles less than
60 degrees the blurring of the simple backprojection images became worse
than the [1/X].

(c)

: g (o) A (a) ' \

.
r
C
|

s2mm —J — s2mm

] Fig. 13. Computer simulation for a limited angle scanning of 60
degrees. (a) The simple backprojection image. (b) Cross section plot of
(a) along AB. (c) Convolution backprojected image using the simple
filter. (d) Cross section plot of (d) along CD.
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= ‘ Attenuation

LIQQJ Media 1in which ultrasonic waves propagate are lossy and the amplitude

= of the waves decrease with distance. If the absorptivity of the medium {is
o constant then the absorption is exponential. With a cylindrically diverging




. wave the attenuation due to geometric beam spreading is also 1/p1’2, where p
) is the distance from the center of curvature. Thus ignoring loss by
backscattering and mode conversion, for a specular reflector distance p from
the probe the amplitude A of the returned echo 1is :

A = A, x 1/(2p)1/2 x e72p0 (7)

4
}-- Where A_ 1s the original transmitted wave amplitude and ¢ 1s the ;Tff’
- absorption coefficient. 2p appears in the equation because of the go and .j:{:
o return path. For point scatterers the beam diverges spherically after e
incidence on the scatterer and causes an attenuation of 1/p for the return S
path to the probe. thus eqn. (7) becomes : \f-

A= A x1/(p)¥2 x e~2p0 (8)

® corresponding correction can be made either in software or by altering the -
- gain of the receiver. If both types of reflectors are present in the Iimage
: field an average correction can be done which would under-correct for point
scatterers and overcorrect for specular reflectors. For the images in this )
paper no attenuatioén correction has been done and this seems to be tolerable g
for most NDT application but for medical applications 1little detail 1in -
{ the interior of images is seen without attenuation correction, specially
- where absorption is high and large organs are imaged.

1f one knows the type of reflector that is being imaged the é;

= This technique is inherently a near field imaging technique because of

T the 1/p1/2 sound pressure decrease of the cylindrical beam. With long pulse
probes there are large scale pressure fluctuations in the near field and
these would have to be included in the attenuation correction. Short pulse
probes, however, have much reduced fluctuations and produce better range
resolution. As the 1latter are to be used for this technique these small
pressure fluctuations produce minimum degradation in images even though
they are not corrected for.

° Experimental images in water »_~_!¥

One of the questions being addressed has been to determine how few the
number of levels the amplitude of the waveforms is quantised to needs to
become before the images become inadequate. All the images presented in this
L paper have been produced with at most 8 levels (3 bits) of amplitude _
P information and the Images are more than adequate. The images have been ol

reconstructed on a 128 pixels square grid. The sampling rate of the R
waveforms was 11.84 MHz. It was found that 90 to 120 transducer positions o
gave acceptable results and more transducer positions did not significantly
improve the image. This agrees well with Eqn. (6). The images are displayed
- on an 8 level grey scale and stored on disk. A dot matrix printer has also
. been wused to generate a coarse grey scale for printouts of the images. The ) ’ '.‘
simple filter has been used for deconvolution for all the experimental 1
images. Negative values are displayed as black. If the images were to be R
rectified, then where the negative sidelobes of the simple filter have S

~
overcorrected the blurring would be displayed as image points, and false ) L
information would be conveyed. .153;1




For carrying out resolution tests water bath imaging was performed.
There are different ways of obtaining a cylindrically diverging beam. One
could use a transducer long in one direction and narrow in the other, as
compared to a wavelength. This could be done by inserting a mask with a thin
slot 1immediately in front of the probe, where the mask material has good
absorption such as foam plastic adhesive strips. Alternatively one could use
a transducer with cylindrical focus, where the beam diverges after the focus
point.

The approach finally taken was to use an ordinary parallel beam
unfocused probe and place an acoustic diverging cylindrical lens in front of
it 13, The lens was made from perspex as it has reproducible properties. In
this way by using lenses of different radius of curvature the same probe can
be used to generate different beamwidth angles. The lens was 40mm long, 12mm
wide, with a radius of 6.25mm. The probe used was a wideband highly damped
Panametrics Videoscan immersion transducer of 0.5 inch crystal diameter with
center frequency of 5 MHz. When used with this probe the beamwidth was 40
degrees at the 6 dB points. The scanning arrangement was to place the object
on a turntable, with the transducer fixed in position for mechanical ease.

A resolution specimen, Fig. 14(a) , consisting of two chromel-alumel
wires of 0.17mm diameter with center to center spacing of 0.4mm was scanned
with one of the wires being on the center of rotation. The diameters of the
wires are Just over half a wavelength at the center frequency , thus
representing good point-scatterers , and the center to center spacing 1{is
Just over a wavelength ( for 5 MHz 2\=0.3mm in water ). The aperture was
sampled at 90 positions at 4 degree intervals and the amplitude of the
waveforms quantized to two levels only. The delay times corresponding to the
peak of the received pulses are displayed against transducer angle 1in
Fig.l4(b). The wire on center (r=0) generates a straight line in data space
but the wire off center gives rise to the cosine-like point responses of
Eqn. (5). The gaps in the data are caused by shadowing and interference.

0’ —+¢ 360

Fig. 14. (a) Two chromel-alumel wires with center to center spacing of
0.4mm. (b) The peak delay time of the pulses against transducer angle.
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Fig. 15. (a) The simple backprojection image. The image is a 32x32
pixel picture with pixel size 1/8mm. (b) Cross section plot of (a)
along AB. (c) The convolution backprojection image. (d) Cross section
plot of (¢) along CD.
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The simple backprojection processing of the data leads to the image of
Fig. 15(a). This is a 32x32 pixel image, with a pixel size of 1/8mm. Fig.
15(b) is a cross section plot along AB. The two wires are somewhat blurred.
The convolution processed image iIs shown in Fig. 15(¢), and 1its cross
section plot along CD is shown in Fig. 15(d). The two wires are clearly
resolved, despite the gaps in the data.

Fig. 16. shows a test object made of brass rods of lmm diameter ( 3A in
water ) which form the letter "A". A full 360 degree aperture was
synthesized by 120 transducer positions at 3 degree intervals. Amplitude of
the waveforms was quantized to only 8 levels. Fig. 17(a) shows the 128x128
simple backprojection image with pixel size 1/4mm. The convolved image, Fig.
17(b) , shows better contrast. Not only has the outline of the letter "A"
been resolved but the circular nature of the rods with correct sizing of
their diameters is also apparent. The gaps in the boundary of some of the
rods are a result of the shadowing by other rods. A pixel size of 1/8um
showed even better resolution but not all the rods would be seen on the
maximum picture size of 128x128.

Fig. 16. Test object made of 1lmm
diameter brass rods to form the
letter "A".
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Imaging of defects in rods

Testing circular rods was done by employing a narrow parallel beam
wideband transducer, coupled to the specimen by water. For the coupling the
immersion technique was used but the same effect could be produced by water
jet coupling where the former 1is inconvenient. This has the advantage of
uniform and non-abrasive coupling with ease for automated testing. If there
1s a large velocity mismatch between water and the specimen (as is the case
for most metals 1like aluminum and steel) the curved surface acts like a
diverging 1lens as desired, and the parallel beam diverges Inside the
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Fig. 17. (a) The simple backprojection image of the letter “A". The
image 1is a 128x128 pixel picture with pixel size 1/4mm. (b) The
convolved image.
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specimen as shown in Fig. 18. In the paraxial approximation the diverging
wavefronts can be approximated by circles. The center of such circles is no
longer the transducer position but is offset from the specimen surface by a
distance f, given by 1%:

r »' )
fomo— (9 1

( V/C - l) _:..;.?

Where r is the radius of the specimen, v is the velocity in the specimen and
¢ the velocity in water. e ]

T/R

Fig. 18. Water 1immersion testing
setup for rod samples. The curved
surface of the sample acts as a
diverging lens and produces a
diverging wavefront.

If the parallel beam of the transducer 1is incident on the boundary of
the specimen at right angles or nearly so then the mode inside the specimen
) 1s compression waves with little or no shear waves present. The stand-off
) distance, d, between the probe and the front surface of the specimen should
be large enough such that interfering multiple echoes between them arrive
after the back wall echo.
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&:?;? This geometry was used to image three cylindrical holes of diameters
i jﬁff 3mm, 2mm and 1mm in an aluminium block of radius l4émm. The holes were
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centered on a radius of 6émm and equally spaced in angle ; Fig. 19 shows the
sample. Again the aperture was sampled at 120 angles at 3 degree intervals
and amplitude quantized to 8 levels. Fig. 20(a) shows the 128x128 simple
backprojected 1image reconstructed on pixel size 1/2mm, and the convolved
image 1Is shown in Fig. 20(b). An interfering echo gave rise to an artifact
streak 1in the image. The 3mm and 2mm holes are imaged as holes with the
correct diameter to one pixel accuracy. The 1lmm hole, however, is less than
a wavelength ( for 5MHz A=1.3mm in aluminium ) and is imaged as a point
reflector. Because the velocity of compression waves in aluminium is about
four times that in water the sampling rate of 11.84 MHz corresponds to a
spatial sampling of just under 1/4mm. Note that even though the front and
back wall echoes of the sample were much larger than the hole echoes,
because the holes are seen by a bigger portion of the aperture than points
on the outside boundary, the holes appear much brighter. This is not a
problem in this case as the walls are just markers. If, however, the image
field has both specular and point reflectors then the specular reflector,
even though it might be a stronger reflector, would appear weaker.

4
-
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o
Fig. 19. An aluminium test sample with i- i;
three holes of 3,2 and lmm diameter. -
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Images of defects and cracks in polyester resin

Fig. 21(a) 1s a side view of a general purpose cylindrical polyester
resin sample of diameter 0.77cm and length 0.9cm. It has a line-type void
defect running parallel to its axis. Fig. 21(b) is the end view optical
image of (a) obtained by looking down along A. As before 120 projections
were obtained with 8 1level amplitude quantization, and the simple
backprojected image i{s shown in Fig. 22(a), with a pixel size of 1/8mm. The ° °®
blurring for this image has the missing cones shape PSF of 1limited angle - N
scanning. The velocity mismatch between the resin and water {s not as great
as that for aluminium and water. Indeed, the velocity 1in the resin (= 2530
m/s) 1s somewhat under twice that {n water. Under such conditions the beam
divergence 1Is not great enough to cover all the sample. Therefore, even for ;
the full aperture synthesized here, the defect is only seen by a finite °®
portion of the aperture. The convolved image 1s shown in Fig. 22(b) and o '1
shows much better defect location information. o 1

[

The polymer sample shown in Fig. 23(a) 1s a side view of a .77cm
diameter by 7cm long rod of general purpose polyester resin which had heen
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Fig. 20. (a) The simple backprojection image of the aluminium sample.
The image 1is a 128x128 pixel grid with pixel size 1/2mm. (b) The
convolved image.
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Fig. 21. (a) Side view of a general purpose polyester resin with a
line-type void defect running almost parallel to {ts axis. (b)
cross sectional view obtained from (a) by looking down along A.
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Fig. 22. (a) The simple backprojection of the resin sample with a void
in it. The image is a 128x128 pixel picture grid with pixel size 1/8mm.
The blurring has missing cones because of the finite angular beam.(b)
The convolved image.




cast seven Yyears ago with a single 10um diameter E-glass fiber along the
axis. Fig. 23(b) is an-end on view optical image of (a) obtained by looking
down along A. The stress field created in such a model composite by the
differential contraction that occurs between the fiber and matrix material
during cooling from the Curie temperature to room temperature 1is well
documented 15216, Under the action of this stress field, a crack oriented
more or less parallel to the axis of the rod had propagated, from the fiber
interface, during the passage of some seven years.

This sample was scanned with the aperture being sampled at 120
positions in 3 degree intervals and amplitude being quantized to 8 1levels.
The simple backprojected image is shown in Fig. 24(a), where pixel size is
1/8mum. Here despite the combination of the finite beamwidth and the specular
nature of the crack, the crack has been imaged. The double reflections from
the crack register themselves as a spurious image on the top part of the
image. The other double echoes on the opposite side of the crack fall
outside the resin and are not seen because all echoes after the back wall
echo are gated off. These problems when imaging specular reflectors are
limitations of all ultrasonic techniques. A trained operator, however, would
expect and recognize these spurious images because they occur at regular
intervals in image space. The convolved image 1s shown in Fig. 24(b) and
shows less blurring. '

It must be mentioned that polyester 1s a highly absorptive material.
For these two samples the back wall echo was about 10 dB below the front
wall echo and because of the small dimensions of the samples most of this
can be attributed to absorption and not beam spreading. It would therefore
be difficult to penetrate samples much larger than the ones shown here. Even
so, there are many situations where NDT testing of small resin samples could
find good use.

Future developments

All the 1images 1in this paper have been obtained using compression
waves. It is hoped to extend the technique to shear wave imaging so that the
two image modes could complement each other and reveal more information
about the object. All the images here were processed off-line using a high
level language. Once having found the best way to process the data, the
processing could then be written in a low level language for real-time
operation. It 1is expected that the data reduction technique outlined here
would result in processing times an order of magnitude shorter than other
techniques which employ backprojection of the full waveform.

The pressure field of the diverging beam falls off at the edges. There
will therefore be points in the aperture where the echoes from a point
reflector are weaker because of this. If no correction is made for this
those aperture points do not contribute much to the reconstruction. This can
be corrected for 1if an angular weighting factor is 1incorporated in the
backprojection which takes the form of the inverse of the beam profile.
Preliminary results have shown that although this correction does improve
the PSF in the immediate vicinity of the point reflectors, it does spread
background noise throughout the rest of the image. This needs to be
investigated further.
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Fig. 23. (a) Side view of the general purpose polyester resin sample

with a crack almost transverse to its axis.
obtained by looking down A.

(b) cross

section view
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(b)

Fig. 24. (a) The simple backprojection image of the resin sample with a
crack in 1t. The picture is a 128x128 pixel grid with pixel size 1/8mm.
The wmultiple reflection between the front surface and the crack
have given rise to a spurious image.(b) The convolved image.
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Conclusion

A wideband imaging technique has been described which uses only the
time of arrival of the echo data and the peak amplitude of the pulses, and
ignores the carrier information of the pulses for image reconstruction.
These steps reduce the computation task considerably to pave the way for a
cheap portable real-time system. Images of resolution targets have shown
diffraction-limited resolution for a full circular aperture. Quantizing the
amplitude to only eight levels has shown acceptable images of real defects
in polyester resin samples. A simple deblurring kernel has been tested with
both computer simulations and real data to remove the blurring caused by
simple backprojection.
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Discussion of Session VIII

Mr Barraclough invited hypotheses other than the one he postulated for time-
dependent absorption of different ultrasound frequencies within his material.
P D Hanstead (Bristol University) suggested that resonance of the sample might
explain the observations since the cell length was of the right order to give
resonance modes at the frequencies observed. This explanation would be
consistent with the wmonotonically increasing velocity with time which Mr
Barraclough had reported, while the pulse length shown in his illustration was
sufficiently long to last for several traverses of the sample, thus permitting

constructive or destructive interference.

Dr R E Green Jr complimented Moshfeghi and Hanstead on their development and
application of algorithms used in their low-cost (#4,000) method for digital
synthesls of high resolution ultrasonic images. There was some discussion of
the limitations of ultrasonic techniques for polymer NDE, the most important

of which limitations are due to intrinsic attenuation.

There was some discussion of the possibility of analysis of modes of vibration
and/or of the transmission of elastic waves in order to detect fabrication
defects in polymers. The physical basis for this is that voids and cracks
have significant effects on the elastic moduli of solids. The general problem
of the effects of ellipsoidal inclusions (including voids) on elastic moduli
was treated in a lecture course by J D Eshelby in the 1950°s at the University
of Birmingham.

Taking as first example the case of a spherical void in a solid with Poisson’s
ratio o = 1/3, the constants a and B in Section 5 on page 389 of Eshelby’s
(1957) paper "The determination of the elastic field of an ellipsoidal
inclusion, and related problems" are 2/3 and 7/15 respectively. Hence, on
page 390, as k; + 0 A> 3 and as by * 0 B+ 2, and k¢ = k(1 =3v), u

eff = #(l = 2v) where v is the volume fraction of voids. The analysis for thc

limiting case of 1identical randomly oriented ‘"penny-shaped" cracks was

published by Bristow (1960) and the relevant equations, equations (8) in

Bristow’s paper with one misprint corrected, are
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n is the number of cracks per unit volume, a 1s the crack radius.

As far as was known by those attending the workshop, no attempts have been
made to relate the effects of voids and cracks on elastic moduli to the
propagation of sound waves in polymers. However, it was noted with interest
that attempts have been made to relate the effects of cracks on elastic moduli
to the changes in seismic wave velocities that are observed prior to
earthquakes. Earthquakes generate seismic waves and these are of the following
two kinds: P waves {(primary waves) which are longitudinal, compressive waves
travelling with velocity Vp and S waves (secondary waves) which are

transverse, shear waves travelling with velocity Vge

vp = ’A+2p,vs=/ﬁ
P P

At 2p_«xt+ 4 since A =« = 2
3 3
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That is, the ratio vP/vS depends only on Poisson’s ratio. Scholz et al (1973)

note that the velocity ratio falls from 1.75 to as low as 1.52 well before an
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earthquake and then recovers to a higher value immediately preceding the

earthquake. The duration of the abnormally low velocity ratio appears to be

s 2
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related to the magnitude of the subsequent earthquake.
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Using the corrected equations from Bristow (1960), Ap/u ~ 1.45 a3n and Ak [k~

3.33 a’n if o = 1/4.
Substituting Vp = 3 in (VP>2 =K ~ bk + 4
vg 2 Vg p - Ap 3

yields a3n ~ 1/5.

By virtue of drainage from nearby cracks and pores, the freshly created cracks
will gradually become filled with water so x should increase but p should
remain virtually unchanged. Hence, the pumping of water into crustal cracks
is expected to produce an increase in velocity ratio and presumably accounts
for the observed recovery of vP/vs. To explain the apparent correlation
between the time required for this recovery and the magnitude of the
subsequent earthquake, Scholz et al (1973) point out that the magnitude of the
dilatancy, and hence the magnitude of the water percolation required to fill
the cracks, 1s determined by the magnitude and extent of the crustal strain

energy density which subsequently is relieved by the earthquake.

The use of velocity ratio measurements to detect cracks in laboratory
specimens is of considerable interest. However, in order to make sure that a
P-wave and not a rod-wave is generated, it is necessary to stimulate a
vibration with wavelength very much shorter than the specimen length. For a
1/10" cube of sintered diamond for example, this means a frequency of at least
50 MHz which is somewhat higher than the frequencies obtainable from most

commercial transducers.
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CHAIN ORIENTATION DETECTED WITH DEUTERIUM NMR IN UNIAXTALLY DEFORMED
POLYMERIC NETWORK.

Bertrand DELOCHE
Laboratoire de Physique des Solides, (CNRS LA2) Université de Paris Sud,
91405 Orsay (FRANCE)

ABSTRACT

The orientational order generated in rubbers by uniaxial stress is
probed with deuterium NMR. The experiments are done either on deuterated
swelling agents as NMR probes or directly on labeled polymeric chain seg-
ments. In both cases the 2H-NMR spectra exhibit a residual quadrupolar in-
teraction when the sample is under constraint and such a residual interac-
tion yields the corresponding degree of orientational order. In both cases
the induced order exhibits the explicit dependence on the extension ratio
predicted by the kinetic description of rubber elasticity.

1 - INTRODUCTION

The rubber state exists in variety of flexible macromolecular chains
(polyisoprenes, polybutadienes) which are held in a threedimensional array
by chemical crosslinks (covalent bonds) and physical junctions (entangle-
ments). This state is somewhat unique in that the constituent polymer
chains are fluid but the bulk material does not flow and so retains its
form.

The rubber may be deformed elastically by external forces eg simple
tension; optical birefringence measurements show that the system becomes
anisotropic. How does the macroscopic strain affect the chain behaviour?
Such a question related to the deformation involved at the molecular level
is relevant from a basic and applied perspective. This is the reason why it
received increasing attention in the past few years. Indeed various micros-
copic techniques (neutron scattering, fluorescent polarization, infra-red
spectroscopy) are currently being used to examine elastomeric chains under
deformation. Among the techniques which are sensitive to orientational be-
haviour, deuterium NMR (2H-NMR) has emerged as a powerful for probing local
ordering in polymeric networks. Specifically we propose to describe here
how to use this technique to study the orientational order generated in
uniaxially deformed rubbers.

The methodology exploites the observation of residual quadrupolar
interactions in the form of a resolved doublet structure in the ZH-NMR
spectra when the system becomes anisotropic ie under comnstraint. The measu-
rements are done either on deuterated swelling agents, as NMR probes, or
directly on labeled polymeric chains; clearly these experiments allow the
detection of an orientational anisotropy at the chain level and give access
to the corresponding order parameter.

2 - BACKGROUND
2.1.Rubber Elasticity

The classic description of rubber elasticity is based on a single
gaussian-chain model (1). Under the assumption of constant volume and af-
fine molecular deformation such a theory leads to the following relation-
ship between uniaxial stress o and small strain (Hooke's regime) :
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o= E 2= 2"h (1]

where E is Young's modulus and A 1is the extension ratio ie the ratio of ’-?
the deformed sample length to the original length. '

The hypothesis of molecular affine deformation determines the orienta-

tional distribution of the chain end to end o
vectors R relative to the direction of the applied constraint. Then, from -
the orientational distribution of the chain segments relative to R one can :;;ﬁ
obtain the second moment <P,> of the segmental orientation function relati- S
ve to the constraint axis (%). This yields in the framework of gaussian ’]i{
chains: o)

1 -1 At S

P,(cos8)>= 5o ((A%- A7) + 0 (=) [2]
Nz

P, {cosO) is the second Legendre polynomial and 6 is the angle between the
direction of the applied force and the statistical segment under interest;
N is the number of statistical segments per chain. <P,(cogf> and 0 exhibit

the same A-dependence in the limit of low deformation (N <<1). Do
. -
2.2.Deuterium NMR .
The general features of 2H—NMR in anisotropic fluid phases_have been _?R
discussed in detail in reference 3., Briefly we recall that the “H-NMR spec- e
tra of deuterium labeled anisotropic fluids are dominated by the interac- e
tion of the deuteron nuclear quadrupolar moment with the residual electric o

field gradient (efg) at the nucleus. So the Zeeman hamiltonian H, is per-
turbed by a quadrupolar hamiltonian H_(H_>>H ) which is orientation depen-
dent relative to the direction of therteadmeagnetic field B . A first
order calculation (4) leads to the structure of levels indicafed in figure
1. The conventional H-NMR line is split into a symmetrical quadrupolar
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Figure 1: Structure of the levels of deuterons (nuclear spin I = 1) in the ***4i
absence or presence of quadrupolar interaction H,. NMR transitions —_s
frequencies and lineshapes under irradiation witg radiofrequency RSN
field are also indicated. vy is the deuteron Larmor frequency Lo
(v, = 6.53 MHZ for a field "B_ = 10 KG.). Sl
doublet when H_ # O. With an axial efg tensor, the doublet spacing is given ' 1:-;
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in frequency units by:

3
2
v_is the static quadrupolar coupling constant. The P, term is the second
ngendre polynomial; © is the angle between the C-D bond and the direction
ofthe magnetic field B . There is one such quadrupolar doublet for each
chemical site and for ach distinct orientation of the C-D bond relative
to .

o

Av = vq (Pz(cosO) ) [3]

Motions of the C-D bond modulate © and a time average has to be taken
when the C-D bond reorientates with frequencies larger than that of the
static interaction (v 200 KHZ); relation[3]then becomes:

_3
Av = i’vq <P2(cos o(r)) > [4]
So the quadrupolar splitting appears propor&ional to the orientational order
parapeter of the C-D bond with respect to Bo. Because of such averagings,
the “H-NMR spectrum of an anisotropic fluid medium consists of doublets than
can be discrete and well resolved.

In the case of uniaxial reorientations around a symmetry axis (ie.this
one of the applied tension in our case) making the angles  with 3 and 6
with the C-D bond, the averaging over azimuthal angles leads to th following
expression for the splitting:

2

Then the effective quadrupolar coupling constant is v _<P,(cosf(t))> where
the average can be defined as the orientational order ‘parameter of the C-D
bond relative to the symmetry axis under interest.

Av = §.Vq<P2(cos3(t)>P2(cosQ) (5]

The current resolution available for observing Av ( V1HZ) in conjunc-
tion with the inherently large value of the C-D quadrupolar constants
V200 KHz) enables one to measure or1entat1onal order differing from the
is 8trop1c state by as little as a few parts in 10°.

3 - EXPERIMENTAL
3.1. Deuterium NMR approach

From the experimental point of view, the 2H-NMR may be conveniently do-
ne either on deuterated swelling agents (5), used as NMR probes of the
swollen polymeric matrix, or directly on labeled chains segment of the net-
work (6-7).

All 2H—NMR spectra were obtained after signal averaging from FT NMR
equipment operating with a conventional electromagnet (the magnetic field
is perpendicular to the stretching direction, 2= 90°) or a superconduc-
ting magnet (Bo is parallel to the stretching direction, Q= 0°).

3.2, Materials

Most experiments were performed on hexadeuteriobenzene dissolved in
diene rubbers and on labelled chains of some silicone rubbers.

The set of diene rubbers are tetrafunctional polybutadiene (PB) net-
works; all these networks were prepared from peroxide cross-linking of a
polybutadxene precursor (Diene 45 NF). The cross-linking reaction was always
carried out in the dry state varying the curing agent concentration. Each
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network is characterized by its mean molecular weight M. derived from the

correspondlng values of the volume fraction of polymer b at swelling equi-
librium,using cyclohexane as a good solvent.

The set of silicone rubbers are end-linked polydimethysiloxane model
networks, containing a known fraction ( 20%Z) of perdeuterated chains PDMS (D).

CcD
1
Si-0
)
cD

These networks were synthetized by reacting stoichiometric mixtures of
labelled and unlabelled precursors chains with tetrafunctional cross-lin-
kers(8); the end-linking reaction was carried out in toluene of 707 poly-
mer concentration. The synthesis of perdeuterated precursors is described
in reference (9). These networks are characterized by the molecular weight
between cross-links M, ie.the molecular weight of the precursor
(3.000<M_<25000g.mol. -1). The molecular weight distribution is about
1.5, the same as for the precursor polymer,

3.3 Uniaxial stress

Tension was applied to samples the nominal dimensions of which were
typically 40 mm x 6 mm x 1 mm as described in reference 5 so that the
stretching direction is coincident with the axis of the NMR tube, i.e.

)

B Q.29

- et e ¥

1
;
[
v

Bo (R 200

a) tension b} cempression

Figure 2: Orientation of the spectrometer magnetic field B with respect
to the applied uniaxial stress C: a) B_ is perpegdicular or pa-
rallel to the direction of the elongation b) B is always along
the y axis while the direction of the compressgon may be varied

within the plane (x y) by rotating the NMR tube around its ver-
tical axis.

parallel or at right angles to the spectrometer magnetic field B . The
extension ratio ) = was estimated from the stretched and unstPetched
lengths measured optifally by monitoring the spacings (225 mm) between marks
on the sample. L was determined to within + 0,2 mm.




The compression was obtained by squeezing a small piece of the sample
between two semi-cylindrical jaws. This assembly was introduced into the
bottom of the NMR tube; in this way the angle Q2 between the compression
direction relative to B_ can be varied continuously, rotating the tube by
hand around its vertical axis, as indicated on figure 1. The compression
ratio (A <1) was estimated from the thickness of the sample.

Deuterated probes (C6D ) were dissolved in the elastomer by exposing
dry(preweighed)samples to tge vapor/liquid of the swelling agents. The vo-
lume fraction of polymer ¢ was determined by weighing the samples before
and after the NMR experiment.

4 - RESULTS
4.1. Solvent orientation

Figure 3 shows the change of the 2H—NMR spectrum of deuterobenzene in
a PB network as the sample is uniaxially elongated. The spectrum changes
from a single narrow line in the relaxed state ( A = 1) to quadrupolar
doublets. The observed residual interaction for A>l are indicative of ani-
sotropic reorientational diffusion for C_D, constrained by the uniaxial

field generated by the elongated network chains. The corresponding orienta

tional order parameter< P,> of the benzene C, axis can be deduced from the
relation 5 with v, = 190 kHZ and 2= 90° : typically <P,> = 2.5.10"3 for
a relative elongatigh of 30%.

C,0,(6 = 091inPB

01z
===
A z1 felowd state

-
e

A=A

. 2
Figure 3: 13 MHZ "H-NMR spectra of C6D6 in a uniaxially strained PB network

(polymer volume fraction ¢ = 0,9). The mean molecular weight M
between junctions is about 10.000 g.mol-l, ¢

As shown on figures 4 and 5, this strained induced orientation appears
quite general, regardless of the nature of the polymer matrix and of the
probe molecule. For instance the figure 5 shows that nearly spherical mole-

cules (chloroform) as well as flexible short chains (n-heptane) are oriented

within the deformed network.
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Figure 4: 13 MHZ 2H-NHR spectra of C_.D, in uniaxially strained polyisopre-
ne(PI), polydimethylsiloxane (PDMS) and polyurethane (PU) net-
works (polymer volume fraction ¢ =0.8)
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Figure 5: 2H-NMR spectra of various deuterated swelling agents in a polyiso-
prene network (M "3500). The latter two solvents have chemically
inequivalent deuferons and so exhibit more than one quadrupolar
doublet,
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4.2.Chain_segment orientation

Figure 6 shows characteristic spectra of PDMS (D) as the sample is 7
uniaxially compressed (A < 1) or elongated (A >1) along a direction perpen- -
dicular to the steady magnetic field B _( Q= 90°): here too quadrupolar dou-
blets (AV # O)are still observed for A ¥ 1. But in part due to a broader
linewidth in the relaxed state(8v "~ 30 HZ) the observed spectral resolution

;
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g

2+077

0

:

=135

A:=172

%%

Az

loxane networks, PDMS(D), as the sample is uniaxially compressed
(A <1) or elongated (A >1). The molecular weight M of polymer
between cross-links is 25.000.

Figure 6: 13 MHZ ZH—NMR spectra of perdeuterated chains of polydimethyl-si- EQ{*
t

is lower than the experiments on dissolved probes. One primary source of ~e

this lack of resolution can be attributed to a superposition of Awderived N
from a distribution of chain length between junctions (7, 10); segments N
fo short chains exhibit higher orientational order than those in longer S
chains for a given A. oA

The complete angular variation Av(Q) reported in figure 7 shows that

3t reproduces exactly the |P,(cosQ)| as in as in relation [5]. So clearly e
the polymer chain (or portiofis of them) which give rise to the doublet may A
be visualized as a uniaxial fluid of segments exhibiting anisotropic reo-
rientational diffusion with..respect to the direction of the applied cons- ATy
traint. For instance we may consider that the chain segments diffuse in
such a way that they cannot be oriented in any othgr direction than along
the axis of stress for times longer than a few 10  “sec.

At this level, let us noticed that the same kind of HZ-NHR experiments
on labeled chains has been recently achieved on polybutadiene networks (see
reference 7).

4.3. Solvent versus segment orientation

What is the relationship between the order parameter <P,> as measured ';?:
on the solvent probes and on the chain segments? The answer %o this question

required a comparison of the following complementary systems(l1l) : PDMS8(D) Q;?
swollen with CeHe and PDMS swollen with C.D 6° Identical tetrafunctional end- o
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Figure 7: Variation of the normalized splittings of the PDMS(D) as a
function of the angle between the uniaxial constraint and the
steady magnetic field. The continuous line is the function
[P, (cosq)].

linked PDMS networks (Mn = 25.000) were used at the same degree of swelling
¢ = 0.92 . Figure 8 illustrates the variation of the quadrupolar splittings
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Figure 8: Plot of the quadrupolar splittings Av versus AZ-A-I for both
networks in the limit of small deformations (A <2). The obser-
ved values of Av are reversible with the extension ratio ).

with thf elongation, It appears that in both cases the data fit well with
a A2-1"" law(as previously observed on polyisoprene ( 5) and polybutadiene
(12) networks),This strain dependence, related to the isovolume character
of the orientation process under simple extension, is in agreement with
the relation [2], in the low deformation limit. So the stricking feature




of the observed averaging effect is that the splitting Av(A) (and thus
the corresponding order parameter <P,> ) measured via the swelling agents
remains proportional to the one measured directly on the polymer chain
segments. Moreover, the respective <P,> have a similar magnitude for a
given elongation A . Specifically, according to the relation [5] where

Q = 90°, v. = 176 KHZ for PDMS(D) and v, = 190 KHZ for C_.D, and by taking
into account the extra averaging effect gue to the free rotation of the
CD, around the $i-CD, bond, we find for A = 2 that the order parameter

of “the symmetry axis”of the methyl group is equal to 8.10 = while this one
of the symmetry axis of the benzene is equal to 3.104; so they differ by
less than one order of magnitude. This result indicates that, for such

a degree of swelling, the solvent molecules are faithful probes of the poly-
meric environment.

5 - CONCLUDING REMARKS

This work on strained elastomer networks demonstrates that the 2H—NMR
is a powerful non-destructive technique for probing polymeric chain orde-
ring. In particular the order of magnitude agreement between the solvent
and segment orientational order and the fact that the investigatiom via
the solvent-probe leads to the same strain dependence as the direct study
of the polymeric backbone does indicate that reorientational diffusion
of swelling agents is strongly coupled to the segment ordering of the
polymer. This suggests that deuterated solvents may be confidently used to
test orientational phenomena in strained rubbers. Moreover the use of la-
beled probe obviates the need to label network chains and so facilitates
the examination of the effect of cross-linking density on orientational
order (12).

On the other hand the phenomena of solvent orientation certainly
involves solvent-segment (and segment-segment) short range orientational
correlation within the elongated network. Such correlationsmay affect the
optico-elastic properties of swollen networks as emphasized in reference 5.
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L Bi-dimensional compression testing
- K H G Ashbee and F C Frank
& University of Bristol
H \'_‘h
32; H H Wills Physics Laboratory
< Tyndall Avenue
o Bristol BS8 1TL, England
Abstract
EI A bi-dimensional compression testing apparatus 1is described whereby a
- plurality of interfitting anvils, of substantially gee-shaped configuration,
i is advanced simultaneously but independently in such a way as to impose two-
dimensional compressive strain. The method can be applied to specimens of any
, polygonal cross-section that have fixed angles. Designs are presented for
)
L triangular, rectangular and hexagonal cross-sections. Working models have
been buijlt for the rectangular version, one of which is capable of imposing
o infinite bi-dimensional compressive strain.
o Introduction
.
{25; Most applications of elastomers exploit their capacity to undergo 1large
;ﬁv;. reversible deformation. However, the nature of this large reversible

deformation is rarely investigated as a method for nondestructive evaluation.
One reason for this is that, whereas most applications of elastomers involve

_{;d; the imposition of biaxial deformation, satisfactory experimental methods exist
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only for uniaxial deformation. The invention described here concerns the
development of a method for bi-dimensional deformation, to infinite

compressive strain if required.

Designs for bi-dimensional compressive testing rigs

For a fixed angled polygon of N sides, there are (N - 2) degrees of freedom
and these can be taken as the lengths of (N - 2) successive sides. Thus, an
arbitrary triangle with fixed angles has one degree of freedom because, if one
edge length is stipulated, the other two are determined. An arbitrary
quadrilateral of fixed angles has two degrees of freedom. In the special case

of a rectangle, the two degrees of freedom are its length and width, either of

which can be varied independently of the other. A pentagon of fixed angles
has three degrees of freedom, a hexagon four, an octagon six, and so on. Bi-
dimensional compression of a fixed angled polygon of N sides requires N gee-
shaped elements. Figures 1, 2 and 3 illustrate the preferred geometries of
gee-shaped elements by means of which bi-dimensional compression can be
applied to bar stock of triangular, rectangular and hexagonal cross-sections
respectively. For each cross-section there exists an alternative shape and
configuration for the gee pieces which, although acceptable in geometry, is
less convenient in respect of presentation of flats normal to the desired

motions.
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Figure 1. Three-gee design for Figure 2. Four-gee design for bi-

bi-dimensional compression dimensional compression. This design
readily permits two independent strains

to be imposed in the plane of the gees
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Figure 3. Six-gee design for bi-dimensional compression




With each design, identical displacement of the gees towards the centre
creates uniform compressive strain in the plane of the gees, i.e. creates
uniaxial tensile strain normal to the plane of the gees. The four-gee design
is particularly interesting since independent displacement of the two pairs of
opposed gees creates a state of triaxial strain in the specimen, viz the two
independent strains imposed in the plane of the gees and the strain normal to
that plane that is determined by the condition of (near) incompressibility

during deformation of the specimen.

working bi-dimensional compression rigs

Finite strain rectangular cross-section and infinite strain rectangular cross-
section forms of the invention have been built. In the former, the four
working components are identical square cornered gee-shaped elements.
Figure 4 shows the four elements (a) in the fully open, and (b) in the fully
closed configuration. These elements are housed within a square frame which
carries four identical lead-screw/cross-head assemblies so that they can be
advanced 1in pairs in such a way as to achieve two independent displacements
parallel to each of two perpendicular directions. If identical displacement
rates are required, this is conveniently secured by using the scroll from a
self-centring four-jaw chuck. In the apparatus demonstrated at the workshop,
Figure 5(a) and (b), each lead screw is rotated by hand via a wheel and worm.
By counting the number of turns of the worm, the advance of any cross-head can
be measured. By introducing a load measuring cell between a cross-head and
the pair of gee-shaped elements that it moves, the load generated by that

movement may be determined.
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(a) gees fully open (b) gees fully closed

Figure 4. Plan view of the four-gee finite strain design

U8 A B .
L = J .

(a) (b)

Figure 5. (a) Plan view and (b) photograph of the finite strain four-gee

bi-dimensional compression apparatus
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" In the infinite strain rectangular form of the apparatus, Figures 6 and 7, the :
. working components are four identical gee-shaped elements with non-anvil faces

so oriented that the elements completely intermesh when the asssembly is fully

surfaces define a four-sided prism, not

compressed. Thus, the anvil

R
N -

(a)“gees fully open, (b) gees fully closed

Plan view of the four-gee infinite strain design

Figure 6.

Figure 7. The four-gee infinite strain bi-dimensional compression rig.
This rig fits inside the frame of the lead-screw/cross-head assembly LI
shown in Figure 5 }_::
ERURRGENY
e
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necessarily square, with all dimensions down to zero. In principle, this
embodiment may be used to impose any bi-dimensional shape change. In practice,
near infinite strain deformations are conceivable only with an incompressible
fluid as test-piece. With a rubber-like material as test-piece, there exists
some value of tensile strain at which the corresponding stress becomes
negative. Thus, for deformations involving compression along x and extension
along y, at some value of Ay the test-piece will separate from the y-platens.
That is, there are limits on the strain that can be applied in practice.
However if, at the point of y-platen separation, plugs are rammed into the
open ends ( z faces ) of the confined cell until the specimen again makes
contact with the y-platens, further extension along y becomes possible. Thus,
by forcing in plugs in the z directions, it should be possible to achieve
enormous extension in the y direction. Of course, the changes in dimensions of
the confined cell necessitate changes in size of the z-plugs although, by
using a soft metal shim for z-plugs, it may be possible to avoid this and so

continuously carry on with the deformation.

The ideas described here are protected by UK patent application 84/14028 dated
1 June, 1984.

:

RRINT

Lo e
: OO
Y VLN




Discussion of Session IX

Professor Sir Charles Frank asked Dr Deloche whether he would care to
speculate on what kind of ZH-NMR spectra might be expected in elastomers
subjected to bi-dimensional deformation. Deloche was not able to hazard a
guess but expressed a strong interest in carrying out the experiment. He
pointed out that the apparatus would need to be non-conducting whereupon Dr
Ashbee produced a four-gee finite strain bi-dimensional compression rig that
had been fabricated from machinable mica glass-ceramic with nylon bolts as
lead-screws.

Dr Ashbee showed another application of the bi-dimensional compression
invention, namely the manufacture of super-high fibre volume fraction
composites. One manufacturing defect always present in uniaxial compression
moulded fibre reinforced materials is matrix-rich regions, i.e. regions that
contain few or even no fibres. Examples (after Kelly, 1972) can be seen in
the micrograph reproduced in Figure 1. Using bi-dimensional comp ¢ssion
moulding, uniaxial fibre reinforced plastics having remarkably uniform fibre
distributions, and fibre contents as high as 30% for glass and carbon fibres
and higher than 95% for kevlar fibres, have been manufactured.

s,

Fig.1 A cross-section of a fibrous composite composed of
carbon fibres in an epoxy resin. A denotes a place where
the fibres effectively surround the matrix, and B a region
where the fibres are approximately most closely packed

Reference

A Kelly, Microstructural Parameters of an Aligned Fibrous Composite, in "The
Properties of Fibre Composites” proceedings of a conference held at National
Physical Laboratory, Nov 4 1971, IPC Science a Technology Press Ltd (1972) p5
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Closing remarks

Session X:




There exists in polymer technology very little by way of in-process non-

o destructive evaluation. This is because, unlike metals, polymers are not
:it readily characterised by clear-cut microstructural variations that can be
ﬁ: identified and attributed to defects, or to deficlencies 1in fabrication

method, or to incorrect heat treatment.

A In components fabricated from polymers, including polymers in the rubbery
- state, there exists a class of microstructural defects which have their
: origins in processing. These defects include inhomogeneous mixing, inclusion
of foreign bodies, segregation, incomplete cure, inhomogeneous cure, molecular
orientation, macroscopic anisotropy and residual stress. This workshop
addressed the feasibility of new exploitation of physical techniques to
’ secure, for use as a processing tool, the real-time detection of such defects.
‘ "To keep our feet on the ground" formal contributions by practising
S technologists were also scheduled. Other observers from industry were invited
. and all were encouraged to interject "state of the art" comments whenever

appropriate.

‘;{: In as far as it addressed specific materials, the workshop was directed

e towards the fabrication of thermosets, thermoplastics, elastomers and resin

<T). based composite materials. For each kind of material, the meeting was timely .
{?;" and welcome. For example, the high cost of replacing rubber items, from tyres ﬁE:
Z;?t to intricate components in electro-mechanical devices, 1s currently receiving EEEE
D increased attention and made emphasis at the workshop omn the nature of g}:
i mechanical weakness in rubber and its detection by non~destructive means '

especially appropriate. No less desirable, 1in view of recent recognition of
the cost benefits available if non-specified raw materials could be used to
fabricate structures and components from composite materials, was the need for
e . an appraisal of advanced techniques for on-line changing of processing of

fibre reinforced plastics.

There have been many recent advances in experimental techniques for probing-
.._- polymer structures, some of which are being developed commercially especially
for medical diagnostic purposes. X-ray and ultrasonic tomography are

examples. When producing the workshop programme it was decided to play-down
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